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ABSTRACT 
The Cordylidae is a species poor but ecologically and morphologically diverse 
family of lizards endemic to sub-Saharan Africa. Although the majority of the cordylid 
species are strictly rupicolous (rock dwelling), the family also contains a diverse array of 
other specialist ecotypes. Due to this concentrated ecological and morphological 
variation, the family is an excellent system for studying macroevolutionary processes. 
Previous studies have hypothesized that the majority of diversity in the family evolved 
rapidly at the base of the viviparous subfamily (Cordylinae), possibly representing an 
adaptive radiation, but this has not been investigated empirically.  
The four central chapters of this thesis were designed to be synergistic, with each 
chapter providing information and helping develop hypotheses in the others.  Chapter two 
places the phylogenetic relationships of the Cordylidae into a temporal framework using 
relaxed clock Bayesian analyses on an 11 gene, squamate-wide dataset with ten fossil 
calibrations. These analyses recover the viviparous cordylines as undergoing a period of 
rapid cladogenesis across the Oligocene-Miocene boundary, radiating into nine well-
supported lineages, distributed around the edge of the great escarpment in South Africa.  
Chapters three and four focused on two different cordylid groups with complicated and 
unresolved taxomomic histories. By investigating species boundaries within the Smaug 
warreni species complex (chapter three) and Hemicordylus capensis (chapter four) I 
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address whether the current taxonomy of the family accurately captures the actual species 
diversity of the family. A combination of phylogenetic, biogeographic and morphological 
analyses reveals new species within both groups.  
The fifth chapter attempts to test the hypothesis that the Cordylidae underwent an 
adaptive radiation following the evolution of viviparity. Morphological variation of the 
Cordylidae was represented through a combination of standardized ecomorphological 
measurements and novel, volumetric measurements of osteoderm distributions recovered 
using High-Resolution CT scanning. Ecological data for known cordylid localities was 
extracted from multiple commonly used climate layers. Morphological variation was 
correlated with microhabitat choice, but not with climatic variation. Existing analytical 
techniques and new methods reveal that the viviparous cordylids experienced an early 
burst of morphological diversification, while the oviparous subfamily, Platysaurinae, did 
not. These findings strongly support the hypothesis that the Cordylinae underwent a 
period of adaptive radiation during the Oligocene, possibly as a result of shifts in the 
climate and geological uplift of South Africa’s Great Escarpment. 
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CHAPTER I  
INTRODUCTION 
The Cordylidae is a relatively species poor but ecologically and morphologically 
diverse family of lizards endemic to sub-Saharan Africa. While the majority of the 82 
species and subspecies in the family are strictly associated with a rock-dwelling lifestyle, 
the family also contains serpentine grass lizards (Chamaesaura), spectacularly-armored 
sungazers that live in self-excavated burrows (Smaug giganteus), arboreal girdled lizards 
that live in peeling bark and dried aloe plants (Cordylus tropidosternum, C. jonesi, C. 
cordylus) and a host of other specialist ecotypes. Due to this highly concentrated 
ecological and morphological variation, the family has been proposed as an ideal system 
to study macroevolutionary processes (Losos and Mahler, 2010). Until recently, however, 
comparative work on cordylids has been hampered by a lack of understanding of the 
evolutionary relationships between the various taxa. Without a clear picture of the 
evolutionary history of a group, very little can be said about the processes that have 
driven this diversification.  
The majority of early systematic work carried out on cordylids concentrated on 
recovering the position of the family within the order Squamata. Although early studies 
proposed associations with lacertids, anguinds and a number of other families (Gray, 
1845; Boulenger, 1884, 1887), recent molecular analyses unambiguously recover the 
Cordylidae as being most closely related to the Gerrhosauridae (plated lizards and their 
allies) and placed with skinks (Scincidae) and night lizards (Xantusiidae) in the suborder  
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Scinciformata (Mulcahy et al., 2012; Recknagel et al., 2013; Townsend et al., 2004; 
Vidal and Hedges, 2009; Wiens et al., 2012).  
Until recently the family comprised four genera: Cordylus, Platysaurus, 
Chamaesaura and Pseudocordylus.  As the majority of species were clearly assignable to 
one of the four existing cordylid genera, few of the early studies attempted to investigate 
the intrafamilial relationships of the Cordylidae, although some species (chiefly 
Hemicordylus capensis and Ninurta coeruleopunctatus) were taxonomically problematic 
and received a degree of discussion concerning their generic assignment. Loveridge 
(1944) posited that the lightly armored cordylids (Platysaurus and Pseudocordylus) were 
derived forms and the more heavily armored Cordylus was basal. Elsewhere, Essex 
(1925) stated that the serpentiform Chamaesaura were undoubtedly sister to the 
remaining members of the Cordylidae, pointing to the grass lizards unusual bauplan and 
the primitive condition of their body scales (one row of scales per whorl) as evidence of 
their remoteness from the rest of the family. Broadley discussed the evolutionary 
relationships and biogeography of a number of cordylid clades, including Pseudocordylus 
(Broadley, 1964), Platysaurus (Broadley, 1978) and the northern Cordylus species 
(Broadley, 1971). None of these early studies, however, employed any kind of rigorous 
phylogenetic analysis to recover these relationships.  
The first study that employed cladistic analysis to recover a phylogenetic 
hypothesis of the Cordylidae utilized morphological data to recover relationships of the 
four cordylid genera, returning a cladogram that agreed with many of the previous 
hypotheses (Lang, 1991). In this study, Chamaesaura was recovered as the earliest 
diverging cordylid genus, followed by Cordylus, with Pseudocordylus and Platysaurus 
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returned as sister taxa. Under this hypothesis, the bright colors and long limbs evolved 
once in the common ancestor of Platysaurus and Pseudocordylus and the family 
displayed a gradual pattern of armor reduction, from the robust ancestral condition 
displayed by Cordylus and the Gerrhosauridae, through Pseudocordylus to the gracile 
Platysaurus. This phylogenetic arrangement also had significant implications for the 
reproductive history of the group. The suprafamilial relationships of the squamates 
suggest that the primitive reproductive condition for cordylids was egg-laying, or 
oviparous. Under Lang’s arrangement, the cordylids would have evolved viviparity 
(presumably ovoviviparity, as no evidence for matrotrophy has been demonstrated) at 
some point before the genera separated, retaining this condition in Chamaesaura, 
Cordylus and Pseudocordylus but reverting to oviparity in Platysaurus. If this were true, 
it would be one of only two described occasions where a squamate lineage has shifted 
from viviparity to oviparity (the other case being in old-world sand boas: Lynch and 
Wagner 2009). 
Frost et al. (2001) performed the first molecular based analysis of phylogenetic 
relationships of the Cordylidae. Using two mitochondrial genes, they recovered a 
significantly different evolutionary history to all the previous studies. Platysaurus was 
shown to be the earliest diverging lineage, while Chamaesaura and Pseudocordylus were 
nested within the genus Cordylus.  This reversal from the previous arrangement resolves 
the issues of the secondary evolution of oviparity in the family, suggesting instead that 
viviparity evolved once, in the common ancestor of Cordylus, Pseudocordylus and 
Chamaesaura, after they had diverged from Platysaurus. 
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The most recent study to look at the evolutionary relationships of the Cordylidae 
(Stanley et al., 2011) utilized molecular data to return the same broad patterns of Frost et 
al., 2001, but increased the taxon sampling and the number of genetic loci analyzed, 
increasing the resolution of the species and genus level relationships. This study revealed 
that, following their divergence from Platysaurus, the remaining cordylids underwent a 
period of rapid diversification, resulting in nine consistently recovered clades. As these 
nine lineages were morphologically and ecologically distinctive from one another, they 
were each assigned generic status, and placed in a separate subfamily (the Cordylinae) 
from the oviparous species (the Platysaurinae). The large, well-armored genus Smaug 
was shown to be the earliest diverging lineage within the Cordylinae, followed by a clade 
containing the large bodied crag lizards (Pseudocordylus), the blue spotted girdled lizard 
(Ninurta coeruleopunctatus) and the attenuate Chamaesaura. While the distinctive 
Armadillo lizards, Ouroborus, and the Karoo lizards, Karusasaurus, were returned as 
sister taxa1, the relationships between this clade and the remaining genera, Namazonurus, 
Hemicordylus and Cordylus, were poorly supported. Stanley et al. (2011) suggested that 
the short internodes and low support among the nine cordyline genera was indicative of a 
rapid radiation, proposing an Oligocene origin for the diversification of the cordyline 
genera, based on unpublished data. Under the new taxonomic arrangement, the majority 
of these genera are morphologically and ecologically conservative, with the phenotypic 
and ecological diversity being greater among the genera than within them. This suggests !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1 Although this relationship was only significantly supported by the Mitochondrial genes 
and may be result of an ancient hybridization event with subsequent mitochondrial 
sweep- see Stanley et al., 2011  
2 Several Platysaurus subspecies are currently recognized, mostly located in the P. 
intermedius complex. The majority of these represent valid species awaiting taxonomic 
revision (Scott and Whiting personal communication, August 2012) 
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that the diversification of forms occurred early in the history of the group, following the 
evolution of viviparity. This pattern of rapid cladogenesis accompanied ecological and 
morphological diversification is often attributed to adaptive radiations (the evolution of 
ecological and phenotypic diversity within a rapidly speciating lineage), a phenomenon 
that has fascinated evolutionary biologists since Darwin. The ecological and 
morphological variation seen in the Cordylinae certainly suggests that an adaptive 
radiation may have occurred, but this hypothesis has not been tested empirically.  An 
appealing but challenging aspect of studying such radiations is the necessity for a holistic, 
multidisciplinary approach, incorporating ecological, morphological and phylogenetic 
information into a single analysis.  
The four central chapters of this thesis were designed to be synergistic, with each 
chapter providing information and helping develop hypotheses in the others.  Chapter two 
attempts to place the existing phylogeny of Stanley et al. (2011) into a temporal 
framework, allowing the subsequent chapters to incorporate palaeoecological and 
diversification rate data into their hypotheses. This was achieved by adding five new loci 
to the dataset and expanding the outgroup taxon sampling to include 18 gerrhosaurids, 65 
non-cordyliform squamates and three non-squamate sauropsids, allowing the inclusion of 
multiple fossil calibrations. Although many of these fossils had been employed by 
previous studies to calibrate dating analyses, several recent large-scale paleontological 
phylogenies have resulted in a number of major taxonomic revisions and so the 
systematics of each of these fossils were reviewed. Particular focus was paid to the two 
cordylomorph fossil calibrations employed in this study. The putative fossil cordylid 
Konkasaurus mahalana was CT scanned at the American Museum of Natural History and 
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its taxonomic placement carefully reassessed before being included in the analysis.  
Multiple BEAST analyses were run under different calibration schemes and using 
different subsections of the dataset to test the effect of calibration placement and missing 
data on the estimated divergence dates. Finally, ecological niche modeling was carried 
out to gauge the effects of temperature change on habitat availability for the cordylid 
subfamilies. 
Chapters three and four focused on two different cordylid groups with 
complicated and unresolved taxonomic histories. By investigating species boundaries 
within the Smaug warreni species complex (chapter three) and Hemicordylus capensis 
(chapter four) I addressed whether the current taxonomy of the family accurately captures 
the actual species diversity of the family. The seven currently recognized taxa within the 
Smaug warreni species complex are morphologically distinct and allopatrically 
distributed, but confusion persists as to the taxonomic status of several existing and 
synonymized subspecies. Mouton (1997) noted that resolution of the status and 
relationships of taxa in the Cordylus (Smaug) warreni complex remained one of the most 
pressing taxonomic issues in this genus and this was echoed at the “Priorities for 
systematic studies on southern African reptiles” conference (Branch, 2006). Phylogenetic 
analysis was performed on a dataset representing all existing and synonymized taxa from 
across their known ranges. Divergence dates were calculated utilizing two independent 
calibration methods (fossils and a strict molecular clock rate) and ecological niches were 
produced with the effects of climate change modeled on the distribution of the group to 
provide multiple lines of evidence as to the evolutionary divergence of the various taxa.  
Melanism has evolved several times in the Cordylidae, invariantly as an 
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adaptation to cold environments (Cordes and Mouton, 1995; Daniels et al., 2004; Janse 
van Rensburg, 2009; Moon, 2001; Mouton et al., 2002; Mouton and Van Wyk, 1990). 
Hemicordylus capensis is unique among melanistic cordylids in having a broad 
distribution, occurring across the entire Cape Fold Mountain range, and is seemingly able 
to tolerate a large range of climatic conditions (Branch, 1998; Janse van Rensburg et al., 
2009) In the northern half of its range, it appears to utilize specific habitat types that 
allow it to thermoregulate more effectively. The northern lizards are noticeably more 
gracile and lightly armored than the southern forms and were originally described as a 
separate species, Zonurus (Hemicordylus) robertsi, but the two species were later 
synonymized. Despite receiving attention from ecologists and conservation biologists 
(Eifler et al., 2007; Janse Van Rensburg and Mouton, 2009; Van Wyk and Mouton, 
1998), the evolutionary history of Hemicordylus was poorly understood and a 
phylogenetic assessment of the group is needed before any further comparative studies 
can be undertaken. This study utilized sequence data from 98 samples of H. capensis 
collected from across the full extent of its range and combined multi-locus molecular 
phylogenetic analyses with a limited morphological analysis and Ecological Niche 
Modeling (ENM) techniques to identify the extent of the H. capensis populations’ 
genetic, phenotypic and ecological divergence, so as to better inform us of the number of 
species contained in the taxon H. capensis.  
The fifth chapter attempts to test the hypothesis that the Cordylidae underwent an 
adaptive radiation following the evolution of viviparity. Morphological variation of the 
Cordylidae was represented through a combination of standardized ecomorphological 
measurements (limb length, head-dimensions etc.) and novel, volumetric measurements 
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of osteoderm distributions, taken from the most densely sampled dataset of High-
Resolution Computed Tomography scans ever produced for a study of this kind. 
Ecological data for known cordylid localities was extracted from multiple commonly 
used climate layers. This chapter employed existing analytical techniques and developed 
new methods to allow phenotypic diversity (disparity) to be analyzed in a temporal 
phylogenetic framework, using the time-calibrated phylogenies from chapter two. 
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CHAPTER II 
DATING THE DIVERGENCE OF A VIVIPAROUS RADIATION IN THE 
CORDYLIDAE (SQUAMATA) 
 
ABSTRACT 
Recent phylogenetic analysis of the endemic African squamate family Cordylidae 
has revealed that the subfamily Cordylinae underwent a period of rapid cladogenesis 
following the evolution of viviparity, and it has been suggested that the family may be a 
useful model system for studying the process of adaptive radiation. This study attempts to 
build a foundation for such studies by employing relaxed-clock Bayesian analyses to 
infer the date of the cordyline radiation and other important divergences within the 
family, significantly expanding the taxon sampling and number of loci from previous 
analyses, and employing multiple fossil calibrations. Five BEAST runs that employed 
different calibration strategies and subsampled datasets returned consistent dates for the 
ingroup divergences. The two subfamilies Cordylinae and Platysaurinae are suggested to 
have diverged during the Eocene and to have begun radiating in the Oligocene. Climatic 
and geographical shifts across the Oligocene–Miocene boundary appear to have played 
an important role in the diversification of both subfamilies, and there is evidence that 
fluctuating river systems have also had a significant influence in the evolutionary history 
of the group. 
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INTRODUCTION 
The Cordylidae is a family of lizards endemic to sub-Saharan Africa, containing 
82 currently recognized taxa2 that display a wide range of ecologies, morphologies and 
life histories. Despite being identified as an important model system for studying 
adaptive radiation in squamates (Losos and Mahler, 2010), few comparative studies have 
focused on the family, primarily due to the incompletely understood phylogenetic history 
of the group.  
Although the family has been the focus of a number of phylogenetic analyses, 
morphological and molecular datasets have produced highly dissimilar results. The most 
well sampled morphological analysis of the group (Lang, 1991) focused on the 
relationships between the four recognized (and presumed monophyletic) genera: the 
robust, well armored Cordylus, the robust but poorly armored Pseudocordylus, the highly 
flattened Platysaurus and the serpentiform, grass-swimming Chamaesaura. Lang’s 
analysis returned the genus Chamaesaura as sister to all other cordylids, with the brightly 
colored and poorly armored genera, Platysaurus and Pseudocordylus, recovered as the 
most closely related of the genera. The findings of Lang were contradicted by a 
subsequent molecular analysis (Frost et al., 2001), which analyzed two ribosomal RNA 
genes (16S and 12S) to recover Platysaurus as the earliest diverging lineage within the 
Cordylidae. Furthermore Chamaesaura and a paraphyletic Pseudocordylus were 
recovered inside Cordylus. Frost et al.’s results revealed that Lang's assumption of 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
2 Several Platysaurus subspecies are currently recognized, mostly located in the P. 
intermedius complex. The majority of these represent valid species awaiting taxonomic 
revision (Scott and Whiting personal communication, August 2012) 
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generic monophyly was incorrect and that his results were an artifact of that assumption. 
Once the assumption of generic monophyly was removed, most morphological characters 
were consistent with the molecular tree. The most recent phylogenetic analysis of the 
Cordylidae analyzed six genes (three mitochondrial and three nuclear) using a pluralistic 
optimality criteria approach and returned a similar result to Frost et al.’s (2001) molecular 
study but with more comprehensive sampling and better resolution (Stanley et al., 2011). 
Based on this result the authors proposed a taxonomic revision that divided the members 
of the family into two subfamilies and 10 genera. 
The two cordylid subfamilies are markedly different in terms of species richness, 
distribution, life histories, and morphological and ecological diversity. This diversity will 
be looked at empirically in the fifth chapter of this thesis, but the basic patterns are 
described here in order to provide a background for the hypotheses of what may have 
driven this dichotomous diversification in the Cordylidae. 
The Cordylinae contains 56 species, all of which are live bearing (presumably 
ovoviviparous) and display a temperate distribution, typically occurring in montane 
highland or coastal regions (Branch, 1998; Fitzsimons, 1943; Loveridge, 1944; Mouton 
and van Wyk, 1997). Where these animals do occur in warmer environments, they often 
display bimodal activity patterns (Branch, 1985; Burrage, 1974) and other behaviors 
(Janse Van Rensburg and Mouton, 2009) to evade overly hot conditions. While the 
subfamily is broadly distributed across sub-Saharan Africa (Figure 1), the majority of 
cordyline diversity is found in South Africa and the surrounding countries, with only two 
clades (Cordylus and Chamaesaura) represented by taxa north of Zimbabwe. Although 
most cordylines are strictly rupicolous, the type of rocky habitat they occupy varies 
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considerably, and the subfamily also contains fossorial (Smaug giganteus), pratincolous 
(Chamaesaura) and semi-arboreal (some East African members of Cordylus) species. 
Conversely, the 26 Platysaurus taxa are oviparous (Broadley, 1974), and restricted to a 
latitudinal band between 15º and 30º South, with a distribution that can be described as 
lowland or subtropical. All species are morphologically and ecologically conserved, 
being specialized for a rupicolous lifestyle that utilizes narrow fissures in granite, gneiss 
or sandstone as refuges. Most platysaur taxa occur in savanna woodland and none of the 
montane forms occur above the tree line (Broadley, 1978).  
The Cordylinae is divided into nine well-supported clades (each now representing 
a genus) and contains a diverse array of phenotypes and ecologies. Stanley et al. (2011) 
presented evidence that the low support values and short internodes seen at the base of 
the cordyline radiation is the result of a period of rapid cladogenesis, and pointed to the 
morphological and ecological distinctiveness of the nine clades as an indication that the 
viviparous cordylines may have undergone an adaptive radiation early in their evolution. 
Stanley et al. (2011) also suggested that the Oligocene cooling period could have acted as 
a potential driver of diversification, although no published work has attempted to date the 
radiation of cordylines. The Cordylidae have been included in a number of timetree 
analyses, although taxa have been poorly sampled, with most analyses including a single 
cordylid (Townsend et al., 2011a; Townsend et al., 2011c; Vidal and Hedges, 2005; 
Vidal and Hedges, 2009), or cordyliform (Hugall et al., 2007), although some recent 
studies have included representatives from both cordylid subfamilies (Mulcahy et al., 
2012; Noonan et al., 2013). Previous studies have estimated the divergence date of the 
Cordylidae and its sister family, the Gerrhosauridae, ranging from 52 mya (million years 
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ago) (Mulcahy et al., 2012) to ~75 mya (Townsend et al., 2011a supplementary data). An 
unpublished M.S. thesis dated the cordyline radiation to the Oligocene (Stanley, 2009), 
using a four locus dataset and a single calibration point: the putative stem cordylid from 
the late Cretaceous, Konkasaurus mahalana (Krause et al., 2003). This new study aims to 
build on the previous molecular work, using a multi-locus dataset, expanded taxon 
sampling and more calibration points to produce an accurately dated phylogeny of the 
Cordylidae. This will illuminate the timings of the key cordyline and platysaurine 
radiations and serve as a foundation for future studies into ecological and morphological 
radiations within the family.  
The use of molecular-based phylogenies to infer the ages of clades has increased 
steeply in recent years, with the development of a number of methods to ameliorate 
issues of rate variation within and among loci. The majority of studies utilize methods 
based on relaxed molecular clocks, which assume a general relationship between time 
and molecular divergence that can vary across the tree (Drummond and Rambaut, 2007; 
Sanderson, 2002) and make use of calibration points that serve as temporal anchors to 
specific nodes, fixing them to a point or range of time. These analyses are often 
calibrated using ingroup fossil taxa, but geological data is also used to date vicariance 
events that have driven specific cladogenesis. Recently these studies have shifted from 
using a single calibration to employing multiple, cross-validated fossil calibrations. There 
is a wealth of literature on the impact of using multiple fossils to calibrate phylograms, 
with some studies arguing that, as incorrectly placed or inaccurately dated calibrations 
can have a significant impact on time trees, a few correctly dated and accurately placed 
calibrations are preferable to numerous calibrations of dubious veracity (Parham et al., 
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2012: Ruane et al., 2010). Other studies argue that, multiple calibrations can ameliorate 
the effects of errors in fossil dates or placement (Conroy and van Tuinen, 2003; van 
Tuinen and Dyke, 2004), provided that errors are not biased in the same direction. 
Moreover, the use of multiple calibrations allows the explicit modeling of rate variation 
among lineages, and the advantages of using multiple independent fossil calibrations 
significantly outweigh any disadvantages, particularly when rate variation is high or the 
accuracy of some calibrations is unsure (Head et al., 2009; Near et al., 2005). Calibration 
placement is further complicated by the often-fragmentary nature of the fossil record. A 
taxon’s first appearance in the fossil record is more likely to represent the time it became 
abundant than the time of its emergence (Magallón, 2004). Older fossils assigned to a 
given group may be uncovered subsequently, which would push back in time the earliest 
occurrence of a lineage; thus the age of a fossil is generally treated as a minimum 
constraint in calibration procedures, meaning that the node on which the constraint is 
applied cannot be younger than the fossil. The taxonomic imprecisions that stem from the 
fragmentary nature of fossils further complicates the use of fossil calibrations. Until 
relatively recently, fossils were referred to a higher order taxon (family, genus etc.) based 
on one or more characters, although the increase in use of cladistic analysis in placing 
fossils has led to more accurately positioned data. As these fossils are often fragmentary 
and may lack key characters, the resolution of even well sampled cladistic analyses can 
be limited. In the case of squamates, many important fossils are diagnosed to the family 
level but their intrafamilial position is unresolved. This ambiguity has a significant 
impact on how these fossils are used as calibrations, as a taxon that is attributable to a 
crown group provide a minimum age for the most recent common ancestor (MRCA) of 
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extant members of the crown group, while fossils that are attributed to the stem provide a 
minimum age for the MRCA of the crown group and its closest extant outgroup (Figure 
1.2). In such instances where a fossil taxon can only be assigned to a higher order clade, 
the fossil taxon could be placed anywhere within the crown or stem of the assigned clade. 
The traditional approach to calibrating phylogenetic trees using fossils with unresolved 
phylogenetic relationships is to use the fossil dates as the minimum age of the total clade 
(i.e. the minimum age of the crown group and its closest extant outgroup), effectively 
treating the fossil as a stem taxon. This is a reasonable and conservative approach if a 
uniform calibration prior is used, but the current preference in dating analyses is to 
employ a lognormal prior with a lower bound just older than the fossil, and a long tail 
with soft upper bound. With this distribution the node age can be sampled from any point 
earlier than the lower bound but the majority of the prior distribution is only slightly 
older than the fossil. This means that choosing an inaccurate but “conservative” 
calibration point for a fossil can have a large impact on the inferred node dates, especially 
when dealing with long branches on deep nodes. In this analysis, I aim to investigate the 
effects of treating two important fossil calibrations as stem or and crown taxa. 
MATERIALS AND METHODS 
Taxon sampling 
Ingroup sampling comprises 90 cordylid specimens, representing 78% of all 
currently recognized cordylid taxa (= 85% of all cordyline taxa and 58% of all 
platysaurine taxa). Two new cordyline taxa have been added to the sampling of Stanley et 
al. (2011), the East African species Chamaesaura miopropus and Cordylus 
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marunguesnsis. Species that had large ranges (Karusasaurus polyzonus, Platysaurus 
intermedius, Cordylus tropidosternum. C. cordylus, C. vittifer etc.), or high degrees of 
morphological variation (Hemicordylus capensis) were represented by multiple 
specimens, selected to encompass the full extent of their phenotypic or geographic 
variation. Most of the cordyline species that are missing from this analysis were last 
collected before the onset of molecular systematics and have no available tissues for 
sequencing. A taxonomically comprehensive phylogenetic treatment of Platysaurus is 
currently in prep (S. Keogh and M. Whiting. pers. comm) and, although this complete 
dataset is currently unavailable, a limited amount of sequence data from that study was 
utilized here with the permission of the authors. This study’s taxon sampling was less 
complete for the Platysaurinae than the Cordylinae (and as such any comparison between 
the rates of diversification within the two groups must be handled with caution, however, 
the Platysaurus taxa used in this study were selected on the basis of previous taxonomic 
work (Broadley, 1974; Broadley, 1976; Jacobsen, 1994; Jacobsen and Newbery, 1989; 
Scott et al., 2004) to represent the maximum diversity of the subfamily. 
To increase the number of calibration points available to this study, Genbank 
sequences were collected for specific outgroup taxa, increasing the sampling to include 
18 gerrhosaurs, 65 non-cordyliform squamates, three non-squamate reptiles (Sphenodon 
punctatus (Rhynchocephalia) Crocodylus porosus (Crocodlylia) and Chelydra serpentina 
(Testudines), for a total of 176 taxa (table S1.1). 
Character sampling 
A total of 11 genes, representing nine loci were analyzed in this study. Ingroup 
sequence data for six genes (four loci) were available on Genbank (16S, 12S, ND2, 
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PRLR, KIF24 and MYH2). Genbank sequences for four of these genes (16S, 12S, ND2, 
and PRLR) were available for the outgroup taxa selected in this study. A further five loci 
(NTKR, RAG1, C-MOS, BDNF and R35) were selected from the “Deep Scaly” 
squamate tree of life project dataset (http://archive.fieldmuseum.org/deepscaly/ ) to allow 
for the expanded outgroup sampling and increased number of calibration points. 
Outgroup sequences for nine of the above genes were available from Genbank (Kif24 and 
MYH2 sequences were not available for outgroup taxa). Ingroup sequences for NTKR, 
RAG1, C-MOS, BDNF and R35 were recovered in the Sackler institute for Comparative 
Genomics at the American Museum of Natural History. Genomic DNA was isolated from 
ethanol-preserved liver or muscle tissue using Qiagen DNEasy Tissue Extraction Kits 
(Valencia, CA, USA). Double stranded polymerase chain reaction (PCR) was used to 
amplify the genes using primers from Townsend et al., (2011a; table 1.2). Amplification 
of 25 ml PCR reactions were carried out on Eppendorf Mastercycler gradient S 
thermocyclers under a touchdown program, beginning with an initial denaturation at 95ºC 
for 2 min, followed by 95ºC for 35 s, annealing at 60ºC for 35 s and extension at 72ºC for 
150 s and dropping the annealing temperature by 1ºC per cycle for 15 cycles, followed by 
15 cycles with an annealing temperature at 50ºC, and finishing with one minute at 72ºC. 
PCR products were visualized with 1.5% agarose gel electrophoresis. PCR products were 
purified with AMPure magnetic bead solution (Agencourt Bioscience, Beverly, MA, 
USA) and sequenced with the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied 
Biosystems, Foster City, CA, USA). Sequencing reactions were purified with CleanSeq 
magnetic bead solution (Agencourt Bioscience) and analyzed with an ABI 3730xl 
automated sequencer. Each 3’ to 5’ sequence was reverse-complimented and aligned with 
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the corresponding 5’ to 3’ sequence, contiguous internal sequences using the program 
Geneious v.5.5.6 (Drummond et al., 2008), and the sequence recovered from this 
consensus. Ambiguous or conflicting bases were coded as heterozygotes. Multiple 
sequence alignment was performed with in Geneious under the MUSCLE (Edgar, 2004) 
package and translated to amino acids to confirm the reading frame and to check for stop 
codons.  
Calibration choice and placement 
A total of ten fossil taxa from across the Squamata were selected to serve as 
calibration points in the BEAST (Drummond and Rambaut, 2007) analysis (Figure 1.6, 
table 1.1). Fossils from a range of squamate families (as derived from the chronogram of 
Mulcahy et al., 2012) were selected to represent as wide a range of dates and 
phylogenetic diversity as possible. The following eight fossils have been utilized in a 
number of recent divergence dating analyses of squamates (Mulcahy et al., 2012; 
Townsend et al., 2011a; Townsend et al., 2011c; Wiens et al., 2010). Here I review the 
justifications for their phylogenetic placement and calibration ages. 
The deepest calibration point of the study was calibrated using the earliest known 
rhynchocephalians from the Ladinian – Carnian boundary (Sues and Olsen, 1990), and 
was used to date the age of the Lepdisosaura (Squamata + Rhynchocephalia). The age of 
Unidenta (non-gekkotan non-dibamid snakes and lizards; Vidal and Hedges, 2005) was 
calibrated using Balnealacerta silvestris, the earliest stem scincomorph lizard from the 
Middle Jurassic Evans 1998. Older squamate fossils have been described, but these are 
all either incetae sedis (Evans et al., 2002), wrongly identified (Evans, 2003; Evans and 
Jones, 2010) or incorrectly dated (Hutchinson et al., 2012). Assuming that this 
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scincomorph fossil is a scinciformatan (i.e. a non-lateratid scincomorph) this calibration 
is reasonable. The Bathonian lizard Parviraptor estesi  has been utilized by the majority 
of previous dating analyses to calibrate the base of the Toxicofera clade (Anguimorpha + 
serpentes + Iguania) (contra Douglas et al., 2010 who used it as a maximum bound for 
Anguimorpha) based on a cladistic analysis (Evans, 1994). It was initially recovered as a 
stem platynotan and a crown anguimorph, although recent analyses by Conrad (2008) and 
Daza et al. (2012b) recover the species as a stem gekkonomorph or a stem scleroglossan 
(Daza et al., 2013). If the analysis of Evans (1994) is accurate, the more appropriate 
placement for this calibration is as the MRCA of Anguimorpha, while if Conrad (2008) 
and Daza et al. (2012b) are correct in their placement of the taxon it may be used as a 
calibration for the Unidenta, although in this case, its horizon and placement means it 
would provide the same calibration as Balnealacerta. Instead of using Parviraptor to 
calibrate the base of the Anguimorpha, I used Dalinghosaurus longidigitus, a stem 
xenosauird / carusoidid from early Cretaceous of China (Conrad, 2008; Evans and Wang, 
2005; Ji, 1998). 
The recently discovered boid, Titanoboa cerrejonensis, from the Paleocene of 
Colombia is attributed to the Boinae (Head et al., 2009), and therefore placed in the 
crown Boidae and was used to calibrate the MRCA of boids. The base of 
Palaeoanguimorpha was calibrated using the stem varanoid, Palaeosaniwa canadensis. 
The precise affinities of this fossil are poorly known, and it has been identified as both a 
varanid and a helodermatid, but the most complete analysis to date suggests a varanoid 
affinity, outside the Varanidae and Helodermatidae (Longrich et al., 2012).  The 
heloderm-anguid node was calibrated using the earliest known stem helodermatid, 
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Primaderma nessovi. The taxonomic allocation and horizon of this species is non-
controversial (Conrad, 2008; Nydam, 2000; Yi and Norell, 2013) and, although there are 
other monstersaurids known (e.g, Gobiderma, Paraderma), these are all younger than 
Primaderma. The base of the Iguania was calibrated using Priscagama, a stem agamid 
from the late Cretaceous of the Gobi (Borsuk-Bialynicka and Moody, 1984). The age of 
the crown Pleurodonta (non-acrodont-iguanians) was calibrated using Saichangurvel 
davidsoni, an exquisitely preserved iguanian recovered from the Upper Cretaceous of the 
Gobi. Phylogenetic analysis returns Saichangurvel as the basal member of Gobiguana (a 
clade of extinct iguanians from the Gobi), nested within Pleurodonta (Conrad and Norell, 
2007; Daza et al., 2012a).  
Employing internal calibration points (that is, calibrating nodes within the 
ingroup) in relaxed clock analyses may improve the reliability of inferred dates of the 
remaining ingroup nodes, as the time estimated is closer to the calibration time and 
therefore requires less extrapolation and associated error (van Tuinen and Hedges, 2001).  
In cases where no ingroup calibrations are available, outgroup fossils may be used as 
calibration points if taxa representing them are included in the phylogenetic tree, but the 
further the calibration point is positioned in relation to the node of interest, the greater the 
uncertainty of the resulting age estimates (Forest, 2009).  
Given the heightened effect that proximal calibrations may have on nodes of 
interest, it is of particular importance that calibration points closest to the ingroup (in this 
study, two scincoid fossil taxa) be as accurate as possible. The taxonomic placement of 
both fossils was reassessed and a comprehensive review was performed to meet the 
criteria set out by Parham et al. (2012) for adequately justifying fossil calibrations in 
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dating analyses. These state that: 1) any fossil specimen used as a chronogram calibration 
should reference Museum numbers of all specimens that demonstrate all the relevant 
characters and provenance data should be listed. Referrals of additional specimens to the 
focal taxon should be justified, 2) An apomorphy-based diagnosis of the specimen or an 
explicit, up-to-date, phylogenetic analysis that includes the specimen should be 
referenced, 3) explicit statements on the reconciliation of morphological and molecular 
data sets should be given, 4) the locality and stratigraphic level (to the best of current 
knowledge) from which the calibrating fossil(s) was/were collected should be specified 
and 5) reference to a published radioisotopic age and/or numeric timescale and details of 
numeric age selection should be given. 
Xantusiid calibration 
Paleoxantusia fera: Holotype: AMNH 3815. A single dentary from the Bridger 
formation, West End of Elk Mountain, Sublette County, Wyoming, assignable to the Late 
Bridgerian, Middle Eocene (50.3 – 46.2 MYA) 
The genus Palaeoxantusia Hecht 1956, comprises four species that occurred in 
the Paleocene and Eocene of North America: P. fera Hecht 1956, P. borealis Holman 
1972, P. alisoni Schatzinger 1980 and P. kyrentos Schatzinger 1980. The oldest species, 
P. fera, has been employed in a number of molecular based estimates of xantusiid 
divergence times, but the placement of this calibration has varied among studies (Conroy 
and van Tuinen, 2003; Estes, 1962; Magallón, 2004; Mulcahy et al., 2012). Hecht (1956) 
proposed an affinity of P. fera with the Xantusiinae (Xantusia + Lepidophyma), though 
this was not based on any cladistic analysis. The Palaeoxantusia has been included in a 
number of morphological cladistic analyses (often as an assumed monophyletic group), 
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however there is significant conflict between morphological and molecular based 
phylogenies in regards to generic relationships within Xantusiidae and no combined 
analysis exists. Molecular analysis recovers the Cuban endemic xantusiid, Cricosaura 
typica as unambiguously sister to the remaining extant species (Noonan et al., 2013), 
while morphological analyses return Cricosaura and Xantusia as sister taxa, to the 
exclusion of Lepidophyma (Rocek, 1984), Cricosaura and Lepidophyma as sister taxa, to 
the exclusion of Xantusia (van Tuinen and Dyke, 2004), or as an unresolved polytomy 
(Forest, 2009). When included in cladistic analyses, Palaeoxantusia is returned outside 
all extant xantusiids (Conrad, 2008), or sister to Cricosaura + Xantusia (Gauthier et al., 
2012), both of which are contra its original placement as sister to Xantusia + 
Lepidophyma. Gauthier et al., suggest that the deeply nested position of Cricosaura 
typica may to be an artifact of sampling, with the two smallest taxa, C. typica and X. 
vigilis, associating based on size-related character states. They point to an alternative 
scenario, where the apomorphies shared by Lepidophyma and Palaeoxantusia are 
actually xantusiine synapomorphies that fail to develop in the diminutive species of 
Xantusia included in their study. This would suggest that Palaeoxantusia is either a stem 
xantusiine or stem Xantusia (making it a crown xantusiine). Despite the uncertainty in it’s 
phylogenetic position in Xantusiidae, the hypothesis that P. fera belongs to the crown 
Xantusiinae is supported by a recent dated phylogenetic analysis of the Xantusiidae that 
utilized two species of Palaeoxantusia (including P. fera) and a number of outgroup 
fossil calibrations (Noonan et al., 2013). The authors treated P. fera as a stem xantusiine, 
using it to calibrate the MRCA of the Xantusiidae in their analysis. However, the 
posterior distribution of the age of the base of Xantusiidae from their BEAST analysis 
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was considerably older than the mean of the prior distribution, as set by the P. fera 
calibration, suggesting that the prior on the xantusiid node was not consistent with the 
outgroup fossil calibrations.   
Cordyliform calibration 
Konkasaurus mahalana: Krause et al., 2003.  Holotype: UA-8715. A 
disarticulated skeleton with osteoderms from MAD93–33, near the village of Berivotra. 
Anembalemba Member, Maevarano Formation, Mahajanga Basin, northwestern 
Madagascar, assignable to the Maastrictian (66.0-72.1MYA) 
Konkasaurus mahalana Krause et al., 2003 is the oldest known Mesozoic lizard 
from Madagascar. It has been utilized as a calibration point in several divergence dating 
analyses, most often placed at the base of the Cordyliformes to calibrate the minimum 
age of the Cordylidae (Noonan et al., 2013; Vidal and Hedges, 2005) but it has also been 
used to calibrate the minimum age of the Cordyliformes (Mulcahy et al., 2012). It is a 
critically important specimen in this study as it is the most proximal fossil to the ingroup, 
and so especially careful assessment of its position is warranted.  
The species is known from a single specimen, described from a series of elements 
found among the remains of Araripesuchus, a species of small notosuchian. The fossil 
was discovered in a disarticulated state (the authors postulating that the specimen may be 
gut content from Araripesuchus), but a dentary and other lower jaw elements, partial 
pelvic girdle, fragment of clavicle, a series of caudal vertebrae, ribs and over 400 
rectangular osteoderms were attributed to a single individual. Due to the fragmentary 
nature of the fossil, K. mahalana has not been subject to any cladistic analysis. Based 
primarily on characters of the dentary, Krause et al., (2003) identified K. mahalana as a 
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scincoid lizard, with the presence of simple osteoderms suggesting a cordyliform identity, 
and the absence of compound osteoderms further restricting the diagnosis to the 
Cordylidae. In order to examine this diagnosis, the holotype of Konkasaurus mahalana 
was visualized using high-resolution Computer Tomography (HRCT) at the AMNH 
microscopy and imaging facility resulting in the identification of several new characters. 
Although the diagnosis of Konkasaurus as a cordyliform appears to be reasonable and 
well justified, there are a number of characters that suggest that the specimen may belong 
to the Gerrhosauridae, rather than the Cordylidae. Firstly, the ilium of K. mahalana has a 
very pronounced anterior iliac tubercle, a character that is common in gerrhosaurids 
(except for the members of the serpetiform genus Tetradactylus, which have significantly 
reduced pelvic bones), whereas the anterior iliac tubercle of cordylids is significantly less 
protuberant (Figure 1.3; Lang, 1991).  Secondly, while the splenial and coronoid are not 
preserved in Konkasaurus, the anteromedial aspect of the surangular possesses a series of 
facets that suggests that the posterior aspect of the surangular did not extend past the 
coronoid, a condition seen in gerrhosaurs but not cordylids (Figure 1.4), (Evans, 2008; 
Lang, 1991). Finally, the morphology of K. mahalana simple osteoderms also suggests a 
gerrhosaurid allocation. Two types of osteoderms were recovered from the fossil. The 
first type are broadly rectangular and unkeeled, possessing a thickened anterior overlap 
surface. Krause et al. (2003) suggested that these osteoderms came from the trunk and 
limbs (Figure 1.5, A1 and A2). The second type of osteoderm, which the authors 
suggested belonged to the caudal region, is relatively narrow, rectangular and slightly 
keeled (Figure 1.5, A3). Cordylid osteoderms are highly variable and, while several 
cordylid genera (i.e. Cordylus, Namazonurus, Karusasaurus and Ouroborus) do possess 
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broad rectangular trunk and limb osteoderms (Figure 1.5, B1, C1, D1 and E1), they also 
invariantly possess much larger, keeled, mucronate caudal osteoderms (Figure 1.5, B2, 
C2, D2 and E2). Most gerrhosaurids possess osteoderms that are rectangular and 
unkeeled or slightly keeled, with the dorsal and limb osteoderms more broad than those 
from the caudal region (Figure 1.5, F1 and F2, respectively). Gerrhosaurid lizards possess 
compound osteoderms on their ventral sides and simple osteoderms on their dorsum, tail 
and limbs, while the Cordylidae lacks compound osteoderms, possessing only simple 
osteoderms. Krause et al. (2003) pointed to a lack of compound osteoderms discovered 
with K. mahalana as support that the species belonged to the Cordylidae rather than the 
Gerrhosauridae, but could be easily explained by the delicate nature of compound 
osteoderms and fact that A) they may not fossilize as readily as the more robust simple 
osteoderms and B) they may have been digested, if the fossil is indeed gut content. A 
fossil attributed to Gerrhosaurus major from the Miocene of Kenya was recovered with 
its gular compound osteoderms intact (Estes, 1962), but this is a much better preserved, 
and potentially less digested, fossil than K. mahalana. Although the position of K. 
mahalana was not rigorously tested here, its previous diagnosis as a cordylid is 
questionable; the new osteological evidence presented suggests that the specimen may 
belong to the Gerrhosauridae, rather than the Cordylidae. The limited amount of 
characters recovered from K. mahalana precludes any more specific placement within the 
Gerrhosauridae, although the Northwest Madagascan locality of K. mahalana suggests a 
possible affinity with the Zonosaurinae. 
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Other cordyliform fossils 
A number of extinct squamate genera from the Oligocene and Miocene of Europe 
have been attributed to the Cordyliformes (Auge, 1987; Cernanský, 2012; Rage, 2013; 
Rocek, 1984) but are not included in this analysis. Pseudolacerta De Stefano, 1903, 
Bavaricordylus Kosma 2004 and Palaeocordylus Rocek 1984 are often referred to the 
Cordylidae (Cernanský, 2012), though many of these instances may  be a consequence of 
the ambiguity of the group’s taxonomy; prior to Lang’s (1991) demonstration of 
reciprocal monophyly in the Cordylidae sensu stricto and Gerrhosauridae, the family 
Cordylidae was often used to contain all cordylids and gerrhosaurids (divided into the 
subfamilies Cordylinae and Gerrhosaurinae). While there is evidence that these fossils are 
referable to the Cordyliformes (Cernanský, 2012), there is little empirical evidence that 
these fossils belong to the Cordylidae sensu stricto. Indeed, the relative position of the 
splenial and coronoid and the pronounced apex of the coronoid of Paleolacerta 
specimens discussed by Augé (1987) are more consistent with gerrhosaurids than 
cordylids. A taxonomic revision of these fossils is beyond the scope of this study, but 
their inclusion in future cladistic analysis may prove them to be important calibration 
points for use in future dating analyses. 
Due to the uncertain position of the existing cordylomorph fossils, the impact of 
calibration points (i.e. whether they were calibrated as stem or crown taxa for their 
respective groups) on inferred ingroup divergence dates was tested empirically. Separate 
BEAST analyses were run for the total dataset, under three different calibration scenarios, 
keeping all other priors constant. The first analysis (BA1) treated Konkasaurus as a 
crown gerrhosaurid and Palaeoxantusia a crown Xantusiine (Figure 1.6, calibration 
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points 9b and 10b, respectively) the second (BA4) treated Konkasaurus as a stem 
gerrhosaurid and Palaeoxantusia as a stem xantusiine (Figure 1.6, calibration points 9a 
and 10a, respectively), and the final analysis (BA5) did not include either of the 
cordylomorph fossils as calibrations, relying instead on the eight other squamate 
calibrations. 
Phylogenetic Analysis  
In order to test the robustness of the data, phylogenetic hypotheses were produced 
under three optimality criteria (Maximum Parsimony = MP, Maximum Likelihood = ML 
and Bayesian Inference = BI) and their topologies and node support compared. A 
Maximum Parsimony (MP) analyses was run in TNT (Goloboff et al., 2008) with 1000 
random addition replicates, tree bisection-reconnection (TBR) branch swapping, zero-
length branches collapsed to yield polytomies, and gaps treated as missing data. Each 
base site was treated as an unordered character with four alternate states, corresponding 
to the four DNA nucleotide bases. For the model based Maximum likelihood (ML) and 
Bayesian inference (BI) analyses, the data were partitioned by gene and the most 
appropriate model of evolution for each partition was identified using Akaike information 
criterion in JmodelTest  (Posada, 2008; Posada and Crandall, 1998). Maximum 
Likelihood  analyses were performed using GARLI V2.0 (Zwickl, 2006). Phylogenetic 
robustness was estimated in the MP and ML analyses by running 1000 random addition 
bootstrap replicates (Felsenstein, 1985). Strict consensus trees were calculated for MP 
bootstrap repetitions that recovered multiple equally optimal trees. The BI analyses were 
conducted using MrBayes 3.2.1 (Huelsenbeck and Ronquist, 2003) with default priors 
and run on the CIPRES portal www.phylo.org; (Miller et al., 2010). Two runs were 
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performed for 40,000,000 generations and the Markov chains were sampled every 1000 
generations. If adequate convergence had not occurred after ten million generations, 
additional generations were run until the average standard deviation of split frequencies 
was less than 0.01. Tracer v1.5 was used to plot the log likelihood score against 
generation to identify the convergence point and the burn-in was discarded. Nodes that 
returned MP bootstrap values above 70%, ML bootstrap values above 80% and clade 
posterior probabilities (pp) greater than 0.95 were considered significantly supported.  
A relaxed-clock Bayesian analysis was performed on the various datasets and calibration 
regimes using BEAST v1.7.5 (Drummond and Rambaut, 2007) to simultaneously 
estimate topology and divergence times. Each of the concatenated datasets was 
partitioned by gene, and the Akaike Information Criterion (AIC) in jModelTest v0.1.1 
(Posada, 2008) used to find the appropriate models of evolution for each partition.  
Due to the diversity of sources used to collect the genetic data, the 11-gene 
dataset contained a number of blocks of missing sequence (table 1.4). Missing data may 
influence branch lengths and therefore divergence estimates (Lemmon et al., 2009; 
Wiens and Morrill, 2011), so the effect of this missing sequence data was tested 
empirically by running three separate BEAST analyses on different subsamples of the 
total dataset. The first dataset (BA1) included all the sequence data for all taxa, resulting 
in a matrix with missing sequence data for Kif24 and MYH2 for all non-cordyliform 
squamates. The second dataset (BA2) limited the amount of missing sequences by only 
retaining genes that were present across the whole dataset (i.e. removing Kif24 and 
MYH2). The third dataset (BA3) limited the amount of missing sequences by only 
including taxa that had all 11 genes available (i.e. select Cordyliformes). Datasets 1 and 2 
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were calibrated with all 10 fossil calibrations. The third dataset was calibrated using only 
Konkasaurus (as a crown gerrhosaurid), due to the restricted taxon sampling. 
All node calibrations were fitted with a lognormal distribution, widely cited as the 
most appropriate distribution for summarizing paleontological information (Sues and 
Olsen, 1990). The translated log-normal (TL) distributions effectively place a hard bound 
on the minimum age and a soft bound on the maximum age, a desirable property for most 
fossil calibrations. The bounds were calculated in a similar manner to previous squamate 
analyses (Mulcahy et al., 2012; Townsend et al., 2011a; Townsend et al., 2011c; Wiens 
et al., 2010), with the lower bound of the 95% highest probability density (HPD) at the 
minimum estimated fossil age, and the upper bound with a long probability tail and no 
hard maximum. The yule model of speciation was selected for the tree prior, as the 
analysis focuses on species level relationships. An uncorrelated lognormal relaxed clock 
was used to account for lineage-specific rate heterogeneity for each partition. Each 
analysis was run three separate times for 1x108 generations, sampled every 10,000 
generations. The post-burn in data from all three runs were combined using 
LogCombiner v1.75 (Drummond et al., 2012), examined with Tracer v1.5.0 (Rambaut 
and Drummond, 2009) to ensure parameters and statistics had reached stationarity and 
sufficient ESS values (>150), and a maximum clade credibility tree created using 
TreeAnnotator v 1.7.5 (Drummond et al., 2012). 
Climatic niche modeling of the cordylid subfamilies 
As previous studies have suggested that the radiation of Cordylines may have 
been driven in part by climatic shifts around the Oligocene, the effect of climate change 
on cordyline and platysaurine distributions was tested using Maximum Entropy Species 
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Distribution Modeling (Maxent) software version 3.3.3 (Phllips et al., 2006). Ecological 
niche models (ENMs) of the two subfamilies were produced under current conditions, 
and this model was then projected onto two sets of climate layers that had been modified 
to represent warmer and cooler temperature scenarios.  
The analysis utilized 15 one-kilometer-resolution environmental layers; Twelve 
climatic layers were taken from the Worldclim database (http://www.worldclim.org) 
(Hijmans et al., 2005): isothermality, maximum temperature of the warmest month, 
minimum temperature of the coolest month, mean temperature of the warmest quarter, 
Bio 9 = mean temperature of the driest quarter, maximum temperature warmest quarter, 
mean temperature of the coldest quarter, precipitation of the driest month, precipitation 
seasonality, precipitation of the warmest quarter, and precipitation of the coldest quarter) 
and three topological layers were generated from the US Geological Survey’s 
HYDRO1K database (http://edcdaac.usgs.gov/gtopo30/ hydro/index.asp) (slope, 
“eastness” and “northness”). Although Maxent has been shown to be less susceptible than 
other ENM methods to the issues that result from using highly correlated layers (Elith et 
al., 2011) these layers were tested for correlation using the “cor” function in R. A dataset 
of cordylid localities was compiled from the records of the South African Reptile 
Conservation Assessment (SARCA), AMNH, MCZ and CAS3. Each locality was 
examined for concordance with known ranges, and records that were only accurate to the 
quarter degree or less were discarded. When all imprecise and duplicate records were 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
3 The SARCA contains locality records from all the subsequent collections, but only for 
South Africa. 
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removed, a dataset of 1,621 localities remained, representing 235 platysaur localities and 
1,386 cordyline localities.  
Ecological niche models were produced for the Cordylinae and Platysaurinae 
using the default settings in Maxent. In order to test the effect of increasing and 
decreasing temperatures on the distributions of the cordylid subfamilies, the existing 
climate models were projected onto two alternative climate layer sets, one warmer and 
one cooler.  These climate sets were produced by modifying the layers that pertained to 
temperature (BIO5, BIO6, BIO8, BIO9, BIO10 and BIO11) by +4ºC and -4ºC using the 
raster calculator function in the ArcMap GIS software suite.  The likelihood surface for 
each of these ENMs were simplified to a presence/absence condition in the reclassify tool 
in the spatial analysis toolset in ArcMap, using the 10th percentile training presence as a 
threshold. The number cells that had likelihood values above this threshold (representing 
the area of suitable habitat in km2) was recorded for each model.   
Ecological Niche Modeling is invariantly employed to identify niches of species 
and subspecies, with the assumption that the samples used to build the model occupy a 
conserved ecological niche. Obviously this assumption erodes at higher taxonomic levels, 
and so this analysis may only capture the coarsest patterns of ecological diversity. In 
order to test the robustness of these models a series of k-fold partitioned runs were 
performed, removing a subset of the locality data, and measuring the probability model 
created from the reduced dataset’s ability to predict the omitted records. Ten repeats were 
run per model, with 90%% of the data used to build the ENM and then tested to see how 
well this model was able to predict the remaining 10%. Additionally, the area under the 
! 34!
receiver operating characteristic curve (AUC) was recorded for each model as a further 
test of the model’s predictive power. 
RESULTS 
When all 11 genes were concatenated, the total alignment equaled 8748 base pairs 
(bp), and contained 5016 informative sites. Table 1.3 shows the individual lengths, 
evolutionary models and percent informative sites for each gene. The MP analysis of the 
full dataset retuned seven trees with a tree length of 50853. The maximum likelihood tree 
produced by GARLI had a likelihood value of  -228443.491162.  
The higher order relationships between the outgroup squamate families were 
fairly consistent across all three optimality criteria, and any incongruity occurred at nodes 
that received low parametric and posterior support. Gekkonids were recovered as the 
earliest diverging squamate group in all the analyses, followed by the Dibamidae (though 
support for the clade containing dibamids and Unidenta was low in all analyses). The 
Scinciformata were the most basal clade in the remaining squamates. Within the 
scinciformatens, the Scincidae were returned as the sister of the clade comprising 
Xantusiidae and the Cordyliformes with high support in all analyses. Laterata (teiids, 
amphisbaenians and lacertids) was not recovered as monophyletic (with the teiforms 
sister to the Toxicofera and not the a lacertid + amphisbaenian clade, as commonly seen 
in other studies), although this relationship received significant support in the BI analysis 
only. Within the toxifera, Serpentes and Iguania (Iguanidae sensu lato + Acrodonta) were 
recovered as sister groups, to the exclusion of Anguimorpha, though this relationship is 
does not receive significant support from any of the analyses (Figure 1.6).  
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The Cordylidae and Gerrhosauridae are returned as reciprocally monophyletic 
with strong support, with the four cordyliform subfamilies, Gerrhosaurinae, 
Zonosaurinae, Cordylinae and Platysaurinae also recovered as monophyletic. Within the 
Zonosaurinae, the genus Tracheloptychus was nested inside Zonosaurus but taxon 
sampling was minimal, and support for non-monophyly of the genera poor. The genus 
Gerrhosaurus is rendered paraphyletic, with G. major and G. validus recovered outside 
of the remaining Gerrhosaurus species + Cordylosaurus and Tetradactylus, although the 
relationships between these four clades only receive significant support in the ML and BI 
analyses, with the MP analysis returning a polytomy at the base of the Gerrhosaurinae. 
The species relationships within the Platysaurinae were well supported across all 
the analyses, with clear biogeographic patterns emerging: The platysaurs that occur north 
of the Zambezi river, Platysaurus mitchelli and P. maculatus, diverge earliest, followed 
by the Northern Cape/Namibian species, P. capensis and P. broadleyi. The remaining 
species are divided into a northern clade (P. ocellatus, P. imperator, P. subniger, P. 
rhodesianus and P. nigrescens), distributed across Zimbabwe, Mozambique and 
Botswana, and a southern clade (P. orientalis, P. relictus, P. intermedius, P. guttatus, P. 
minor) that is found in the former Transvaal region of South Africa. Within the northern 
clade, the Inyanga Mountain species P. imperator and P. ocellatus are closely related, 
though P. subniger, from the same mountain range, is returned as closely related to the 
more southerly P. nigrescens and P. rhodesianus. Within the South African clade, the 
Waterberg species, P. guttatus and P. minor are returned as sister species, with strong 
support (Figure 1.6). The Soutpansberg endemic lizard P. relictus is recovered with two 
P. intermedius specimens collected from just south of the Soutpansberg. The Platysaurus 
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specimen AMB8276 from the Limpopo escarpment clusters with the specimen of P. 
orientalis from the same area.   
Nine major clades are recovered within the Cordylinae, corresponding to the nine 
currently recognized genera. In all analyses, Smaug is returned as the earliest diverging 
genus with significant support. Within Smaug, the brobdingnagian species, Smaug 
giganteus, is returned as sister to a clade containing the members of the Smaug warreni 
complex (see chapter three for a more in-depth analysis of this group). As with the 
previous phylogenetic analyses, the relationships within the remaining cordyline genera 
are well supported, but the internodes that separate them are very short and display low 
levels of clade support, particularly in the MP and ML analyses (Figure 6b). None of 
these intrageneric cordyline relationships are significantly supported in the MP analysis, 
while ML analysis only returns significant support for Ninurta and Chamaesaura being 
sister genera. The BI analysis recovered Pseudocordylus recovered as sister to this group 
with low levels BI support (pp=0.95) and also recovers a sister relationship between 
Ouroborus and Karusasaurus, placing them in a well-supported clade with Hemicordylus 
and Cordylus, to the exclusion of Namazonurus. The intrageneric relationships are mostly 
consistent with that of Stanley et al. (2011); the Angolan species, Cordylus machadoi is 
now recovered as sister to the east African clade, which is consistent with Greenbaum et 
al. (2012). The Pseudocordylus specimens from Cape Fold Mountain and Transkei 
species (P. microlepidotus and P. sp. “Transkei”, are now returned inside the eastern 
escarpment Pseudocordylus clade, a result consistent with the findings of Bates (2007). A 
specimen of Chamaesaura miopropus from Zambia that was not present in the previous 
analysis is recovered as sister to the Kenyan species, Chamaesaura tenuior. 
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A total of five BEAST analyses (BA) were run under different calibration 
strategies: BA1) 11 genes, all taxa, calibration nodes 1-8 +9b +10b, BA2) 9 genes, all 
taxa, calibration nodes 1-8 + 9b + 10b, BA3) 11 genes (minimal missing character data), 
cordyliform taxa only, calibration node 10b, BA 4) 11 genes, all taxa, calibration nodes 
1-8 +9a +10a, BA 5) 11 genes, all taxa, calibration nodes 1-8 (no cordylomorph 
calibrations). Multiple runs of each BEAST analysis were performed until the ESS values 
for each statistic exceeded 150. In all analyses the mean molecular clock rate under the 
uncorrelated lognormal relaxed molecular clock (Ucld.mean) for the MtDNA genes were 
4-8 times as high as for the nuclear genes. This is to be expected, as mitochondrial genes 
are maternally inherited and haploid, making their effective population size one quarter 
that of nuclear genes, resulting in a higher mutation rate. The standard deviation of the 
uncorrelated lognormal relaxed clock (ucld.stdev) value represents the amount of 
variation in mutation rate among the branches; essentially a measurement of how 
clocklike a gene is. An ucld.stdev value of 0 would represent a gene evolving in a 
clocklike manner, while a value greater than 1 means that the standard deviation is 
greater than the mean rate. The ucld.stdev means of the 11 loci ranged from 0.5 to 1.1 in 
the analyses that employed full taxon sampling, being highest in MYH2 and PRLR, and 
lowest in the remaining nuclear genes. It is worth noting that the loci that had high rate 
variation also possessed large indels specific to the Cordylinae (PRLR) or Smaug 
(MYH2), which may account for the variation in rate of the relaxed clock. Conversely, 
the ucld.stdev posterior distribution for BDNF in the BA3 (All genes, cordyliform taxa 
only) analysis was close to zero, suggesting that the gene was behaving in a clocklike 
manner over shorter timescales. 
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The topologies produced from the BEAST analyses were largely consistent with 
the MP, ML and BI analyses, varying chiefly in the poorly resolved relationships 
especially within the Iguania and between the cordyline genera (Figures 7 and 8). Unlike 
the MrBayes BI analysis, Pseudocordylus did not form a clade with Ninurta and 
Chamaesaura in any of the BEAST runs, resulting in more pectinate arrangement of 
cordylid genera (Figures 1.7 and 1.8). The topologies of all but one of the BEAST 
analyses were identical; in the reduced loci analyses (BA2), Ninurta shifted from being 
sister to Chamaesaura to form a clade with Hemicordylus, with the Ouroborus + 
Karusasaurus clade falling outside of the novel Cordylus + (Ninurta + Hemicordylus) 
clade. 
The node heights (the median value of node age from the BEAST trees) of the 
major squamate groups from the various BEAST analyses were reasonably consistent 
across the five BEAST runs, although the variance of node ages was significantly larger 
in non cordyliform that for the ingroup nodes in all analyses. The base of Squamata was 
dated from 215 mya (BA4) to 228 mya (BA1). The height of the node unifying the 
Unidenta ranged from 200 mya (BA4) to 210 mya (BA5). The scinciform clade was 
dated from 175mya (BA4) to 188 mya (BA2) 
The inferred divergence dates within the Cordyliformes were remarkably 
consistent under different calibration strategies, with the means of each node from one 
analysis falling within the 95% node height range of all others, and vice versa. In the 
interest of brevity, the node ages will be reported here as the mean heights and 95% HPD 
ranges from the unreduced dataset (BA1), though the divergence times of key nodes are 
listed for all five BEAST analyses in tables 1.5 and 1.6. The two cordyliform families 
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were estimated to have diverged around 98.3 mya (95% HPD range = 86.0 – 114.6). The 
Gerrhosauridae was estimated to have started to diverge 67.4 mya (95% HPD range = 65 
– 76), while the Platysaurinae – Cordylinae split occurred 51mya (95% HPD range = 43 – 
62). The MRCA of Platysaurus was inferred to exist around 30.4 mya (95% HPD range 
= 25.1 – 36.1) with the split between the western (P. broadleyi + P. capensis) and 
Zimbabwean - South African clades occurring around 25.4 mya (95% HPD range = 21.3 
– 30.2), and the South African-Zimbabwean split taking place 20.7 mya (95% HPD range 
= 17.2 – 24.8).  
The start of the cordyline radiation was dated to 29.4 mya (95% HPD range = 
24.8 – 34.1) with the diverging of Smaug (Figure 7 node E), while the remaining eight 
genera diverge between 26.4mya (95% HPD range = 22.5 – 30.4) and 19.9 mya (95% 
HPD range = 16.0 – 24.8). There is considerable overlap in the divergence date rages for 
these nodes.  Smaug giganteus diverged from the members of S. warreni species group 
around 26 mya (95% HPD range = 21.5 – 30.7), and the S. warreni group began 
diversifying around 12mya (95% HPD range = 9.1 – 14.6). Chamaesaura aenea 
separated from its congeners 16.7mya (95% HPD range = 13.4 – 20.2), while the 
Southern and East African Chamaesaura taxa split from each other around 11.3mya 
(95% HPD range =9.1 – 14.6). The MRCA of Pseudocordylus was dated at 16.3mya 
(95% HPD range =12.6 – 20.4), with Pseudocordylus langi diverging earliest, followed 
by a radiation of the other species around 8.3mya (95% HPD range = 6.6 – 10.9). The 
Namazonurus species from south of the Orange River (N. peersi and N. lawrenci) 
diverged from their northern congeners ~15.0mya (95% HPD range =11.5 – 18.4). The 
two Hemicordylus species split 13.8 mya (95% HPD range =10.1 – 18.2), with the 
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MRCA of H. capensis dated to 5.5mya (95% HPD range = 4.1 – 14.8). The Eastern 
Cordylus diverged from the Southern members of the genus 18.3mya (95% HPD range = 
15.9 – 21.7), with the Angolan species C. machadoi separating from the eastern members 
14.3mya (95% HPD range =11.3 – 16.0). Within the South African Cordylus clade, the 
dwarf forms (C. minor, C. imkeae, C. aridus and, though not included here, almost 
certainly C. cloetei) diverged from the larger species around 13.5mya (95% HPD range = 
11.3 – 16.0).  
Projected distributions of suitable climatic niche-space for the cordylid 
subfamilies under the three climatic scenarios are presented in Figure 9a. Despite the 
unorthodox implementation of ENM analysis on higher order taxa, the AUC values for 
both models were >0.9 suggesting a reasonable, discriminatory ability for the models 
(Swets, 1988) and the p-values for the ten-fold random test partitions were significant at 
the 10th percentile training presence. Under all three climatic conditions the majority of 
the Cordylinae’s modeled distribution occurs in South Africa, concentrated around the 
edge of the great escarpment. The ENM of the Platysaurinae is mostly distributed 
towards the northern extent of the cordyline ENM, extending northwards in the cooler 
model and southwards in the warmer scenario. A clear difference in the trend between 
temperature and area of suitable habitat was recovered for the two subfamilies, with 
increasing temperatures restricting the cordyline range while increasing the amount of 
suitable habitat available for the platysaurine (Figure 1.9b). 
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DISCUSSION 
Given that the dates of the major cordyliform divergences are relatively consistent 
across all five BEAST runs and the 95% HPD ranges for the ingroup are relatively small, 
we can be fairly confident in the inferred divergence ages within the Cordylidae. 
Remarkably similar dates were derived from the third and fifth BEAST runs, which 
utilized entirely different sets of calibration points (BA3 = ingroup only calibration, BA5 
= Outgroup only calibrations). This suggests that the placement of the ingroup calibration 
(Specifically K. mahalana as a crown Gerrhosauridae –Figure 6b, calibration point 10b) 
was consistent with the outgroup calibrations.  
The clade ages of the major squamate groups from the various BEAST analyses 
are generally similar to those in other studies (e.g. Vidal and Hedges, 2005; Wiens et al., 
2006; Hugall et al., 2007, Mulcahy 2012), and the 95% highest posterior density (HPD) 
for each node encompassing the recorded age in all previous studies, with one notable 
exception. All BEAST analyses recovered a mid Cretaceous split for the cordyliform 
families, which is consistently older than the majority of prior studies estimations (with 
the exception of Mulcahy et al.’s (2012) R8s analysis age, which was highly consistent 
with this study’s findings). The oldest estimates for this node were recovered from the 
analyses that treated the cordylomorph calibrations as crown taxa (BA1 = 98.3mya, 95% 
HPD range = 86-114), but the cordyliform node age was older than previous studies 
when no cordylomorph calibrations were enforced (BA5 = 94.1mya, 95% HPD range = 
80 – 112) and when the cordylomorph calibrations were treated as stem taxa, (BA4 = 
86.6mya, 95% HPD range = 73 – 103) which should have had the effect of pushing the 
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inferred dates of proximal nodes towards the present.  
Cordyliform relationships and divergence times 
The cordyliform families and subfamilies are reciprocally monophyletic, agreeing 
with the findings of a recent molecular analyses of the Zonosaurinae (Recknagel et al., 
2013). The genus Gerrhosaurus Wiegman 1828 is rendered paraphyletic by 
Cordylosaurus Gray 1865 and Tetradactylus Merrem 1820, a finding that is consistent 
with previous phylogenetic analysis of the group (Lamb and Bauer 2003;2013). Given 
the historical resistance of the scientific community to adopt conservative taxonomies of 
cordyliform genera (see Frost et al., 2001), it seems unwise to sink Gerrhosaurus and 
Cordylosaurus into Tetradactylus. The type species, G. flavigularus is recovered with all 
other Gerrhosaurus species except G. major, and G. validus. Each of these species will 
therefore be assigned to a new genus in the publication associated with this chapter. The 
divergence of the mainland African and Malagasy gerrhosaurids occurs far later than the 
proposed Jurassic separation of the two landmasses, and earlier than the hypothesized 
Eocene-Miocene land bridge that joined Madagascar and East Africa (Rabinowitz and 
Woods, 2006).  This is consistent across all the analyses, even when the ingroup 
calibrations are not employed. Given the current distribution of extant Cordyliformes it 
has been hypothesized that both families originated in mainland Africa (Estes, 1983; 
Hewitt, 1910), with the absence of Cordylidae and Gerrhosauridae from other 
Gondwanan continents (excluding Madagascar), suggesting that the main diversification 
of these groups probably occurred after the break up of Gondwana. If we hypothesize that 
Konkasaurus mahalana is a gerrhosaurid, it might be reasonable to assume that the fossil 
belongs to the Malagasy subfamily, the Zonosaurinae. Given these assumptions and the 
! 43!
age of K. mahalana, it can be hypothesized that the Gerrhosauridae colonized 
Madagascar by the Maastrictian (66 – 72 mya). A number of asynchronous transoceanic 
colonization events have been proposed in a range of vertebrate lineages in the Cenozoic, 
occurring from the Paleocene (lemurs) through the Eocene–Oligocene (colubrid snakes 
and tenrecs), to the Miocene (rodents and carnivorans) (Nagy et al., 2003; Poux et al., 
2005), but the gerrhosaurine / zonosaurine split predates the majority of these.  
As mentioned in the methods section, the cordyliform fossils that have been 
described possess few apomorphic characters and have not, as of yet, been included in a 
cladistic analysis. If K. mahalana and the European cordyliform fossils are referable to 
the Gerrhosauridae, as proposed here, it would have important biogeographic 
implications for the history of the Cordyliformes. The allocation of the European and 
Malagasy cordyliform fossils to the Gerrhosauridae removes the evidence that the 
Cordylidae ever existed outside mainland Africa and produces a biogeographic history of 
the group that is more consistent with the current distribution and life history of extant 
Cordyliformes. Modern cordylids are restricted to sub-Saharan Africa, with the vast 
majority of the genetic and morphological diversity occurring in South Africa and the 
surrounding countries. Conversely, the Gerrhosauridae are broadly distributed across the 
continent (Gerrhosaurus major has the largest range of any cordyliform, occurring from 
Sudan to South Africa, and from Ghana to Somalia), including 19 species of extant 
zonosaurines that occur in Madagascar.  
The differences in distribution between the two families might be explained in 
part by differences in their ecologies, particularly with respect to their foraging modes. 
Most gerrhosaurids are active foragers, occupying large individual ranges that encompass 
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a variety of habitat types, while all cordylids are sit-and-wait foragers that have small 
individual ranges and occupy a single, specific habitat type, usually rock crevices 
(Branch, 1998; Broadley, 1964; Broadley, 1978; Whiting, 2007). A high degree of 
substrate specificity and low vagility could potentially reduce cordylids ability to 
colonize new areas. The generalist gerrhosaurids are more vagile and would therefore 
make them more likely candidates for cordyliform colonizers of Madagascar and Europe. 
Although there is some evidence that Afro-Malagasy land bridges may have occurred 
during the Cenozoic, the prevalent opinion is that the majority of Afro-Madagascan 
colonization events are attributable to rafting, with plants animals reaching the 
Madagascan shores by riding large mats of floating vegetation (Yoder and Nowak, 2006). 
Most extant cordylid species are highly rupicolous and would be unlikely to occur on 
such vessels. There are a number of Cordyline lineages that do occur in habitats that 
would expose them to such transportation (i.e. the pratincolus Chamaesaura and the 
arboreal members of Cordylus), but these are nested high in the Cordylinae, and are 
unlikely candidates for the Mesozoic colonization of Madagascar.   
Oligocene radiations in the Cordylinae and Platysaurinae. 
Despite nearly doubling the amount of ingroup sequence data from the previous 
phylogenetic analysis (Stanley et al., 2011), the relationships among the cordyline genera 
remain poorly supported. While the base of the cordylines may represent a soft polytomy 
and increasing the character sampling further may resolve these relationships, this result 
reinforces the hypothesis that a period of rapid radiation occurred at the base of the 
cordylines (Stanley et al., 2011). The BEAST analyses suggest that this period of 
cladogenesis occurred in the late Oligocene / Oligocene-Miocene boundary, followed by 
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a more constant rate of diversification throughout the Miocene and Pliocene. The 
Platysaurinae seem to diversify at a relatively even rate, with no clear variation in 
speciation rate. The palaeoclimatic conditions at the time of the two cordylid subfamilies’ 
radiations may shed light on the factors driving the differences in distribution and 
ecological diversity of the two subfamilies.  
Viviparity in squamates has been clearly linked with adaptation to cold 
environments (Blackburn, 1982; Greer, 1968; Pincheira-Donoson et al., 2013; Shine and 
Lee, 1999; Weekes, 1933) and the distributions of the two cordylid subfamilies are 
reflected in their reproductive strategies, with the oviparous (egg-laying) Platysaurinae 
occupying subtropical environments and the viviparous Cordylinae occurring in more 
temperate conditions, primarily distributed around the edges of the great escarpment 
(Figures 1, 9a). Mouton and van Wyk (1997) proposed that the viviparous Cordylinae are 
a cold-adapted lineage that diversified under cool conditions, and the various BEAST 
analyses support this, consistently returning an Oligocene or early Miocene date for the 
basal cordyline radiation. Global temperatures during the Oligocene were significantly 
cooler than those of the surrounding epochs, and southern Africa would have been cool 
and dry (Bobe, 2006; Zachos et al., 2001). Such conditions may have suited the 
rupicolous, viviparous stem cordylines, giving them a competitive edge and allowing 
them to expand their distribution, particularly at the cooler, higher latitudes. The mean 
heights for the majority of nodes within the cordyline radiation occurred around the 
Oligocene-Miocene boundary, suggesting that a climatic transition may have played a 
role in the rapid cladogenesis of the Cordylinae. The start of the Miocene was marked by 
a significant increase in global temperature, which would have served to restrict the 
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ranges of the widespread taxa to cooler climes (high altitude and coastal areas), where 
they persist today. The highly disjunct subtropical populations of the Platysaurinae also 
diverged around the Oligocene-Miocene boundary, with the western clade (P. capensis 
and P. broadleyi) becoming isolated from the rest of the southern platysaurs at the same 
time as the cordyline radiation although, based on the results of the ENM analysis, 
probably not due to the same climatic drivers. These divergence patterns suggest that the 
Cordylidae were broadly distributed across southern Africa during the Oligocene, with 
the Cordylinae occupying the southern extent of the continent and the Platysaurinae 
occurring across the lower latitudes. As the rapidly increasing global temperatures at the 
Oligocene – Miocene boundary were restricting the distributions of the Cordylinae, they 
would also serve (in conjunction with the continuing uplift of the South African 
escarpment) to isolate the west coast from the eastern Platysaurus lineages, while spread 
of the Kalahari sands during the Miocene would have served to keep the two lineages 
separated (Grab, 2010b; Lamb and Bauer, 2006; Lancaster, 2000). This hypothesis is 
consistent with recent biogeographic work on the Cordylidae which recovers a Southeast-
African origin for the family, with an ancestrally northern range for the Platysaurinae, 
and a southern point of diversification for the cordylines, spreading southwards from the 
Eastern escarpment to the Cape Fold Mountains and Western Escarpment (Mouton et al., 
2012). This study also showed that two ancestrally southern cordyline lineages 
(Chamaesaura tenuior + C. miopropus, and the Cordylus tropidosternum – C. machadoi 
clade) radiated northwards to east Africa and the Angolan highlands. The species that 
dispersed northwards are unified by a decreased reliance on rocky habit, Chamaesaura 
being obligate grass swimmers, and the East African Cordylus species often substitute 
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rock crevices for narrow cracks under bark. Given the propensity of these species for 
steppes/dry woodland habitat, it may be surmised that these dispersals are tied to the rise 
of African grasslands during the mid to late Miocene (Bobe, 2006; Retallack, 2001), and 
whilst not concomitant, the timing of both northern radiations are consistent with this 
hypothesis.  
A “South-west Cape” clade comprising the genera Namazonurus, Ouroborus, 
Karusasaurus, Hemicordylus and Cordylus is consistently recovered under all optimality 
criteria. Although not all members of this clade are restricted to the Western Cape, 
historical biogeographic analysis identifies this area as the likely distribution for the 
common ancestors of this clade (Mouton et al., 2012). The members of this clade display 
spring breeding, exhibiting an extended gestation period and that produces significantly 
larger offspring than other members of the family and it has been suggested that this 
clade represents the pinnacle cold adapted cordylids.  The climate of the Southwestern 
Cape is driven by the Benguela current, a broad, northward flowing ocean current that 
extends from Cape Point in the south, to the position of the Angola-Benguela Front in the 
north. The Benguela current is associated with the aridification of the western cape, and 
it’s mid Miocene origin produced a cool, dry climate, and is thought to have initiated the 
Western Cape’s characteristic winter rainfall system (Dupont et al., 2011). While the 
radiation of the five genera occurred prior to the onset of the Benguela cooling current, 
the conditions produced by this phenomenon may have created an area of consistently 
cool, dry habitat that served as an important foothold in the southwest. This clade 
contains a number of melanistic cordylids (Cordylus niger, C. oelofseni, Namazonurus 
peersi, and Hemicordylus) that have evolved in the Western and Northern Cape, possibly 
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in response to increased cloud cover and reduced solar radiation following the advent of 
the Benguela current (Daniels et al., 2004; Janse van Rensburg et al., 2009). The BEAST 
analyses reveal that the various melanisitc forms diverged from their non-melanistic 
sister taxa during the middle to late Miocene, which is consistent with this hypothesis.  
Although climate seems to play an important role in the diversification of the 
Cordylidae, other sources of vicariance may have also played a significant part in the 
evolutionary history of the group, particularly in the platysaurs. The most divergent 
linage of Platysaurus (containing the northern species P. mitchelli and P, maculatus4) is 
separated from the rest of the genus by the Zambezi River. The timing of the initial 
divergence between these and the southern taxa occurred in the Oligocene, coinciding 
with significant increase in the fluvial deposits of the Zambezi (Walford et al., 2005) and 
the start of  the uplift of the African Escarpment (Burke, 1996). The Zambezi River has 
been cited as an important driver of speciation in a number of different groups (Bauer and 
Lamb, 2002; Cotterill, 2003), including Platysaurus (Scott et al., 2004) and the Smaug 
warreni species complex (See chapter three). The concomitant timing of the North-South 
split with the expansion of the Zambezi lends further weight to the hypothesis that the 
initial cladogenic event of the Platysaurinae was driven by riverine vicariance. Other 
river systems also appear to have played a role in the evolution of the Platysaurinae, with 
the two subdivisions of the western clade occurring either side of the Limpopo River. The 
Platysaurus intermedius complex is shown to be non-monophyletic, as found by other 
studies (Scott et al., 2004), with members occurring in both the Zimbabwe (P. i. 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
4 Platysaurus nyasae also occurs north of the Zambezi, in the hills of southern Malawi, 
but tissue for this species was not available for this study. 
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rhodesianus, P. i. subniger and P. i. nigrescens) and South African clades (P. i. 
intermedius). Although the history of the Limpopo river is poorly understood, sediment 
levels in the Limpopo delta suggest that the river doubled its deposition rates between the 
Oligocene and mid-Miocene (Preu et al., 2011) and once again, riparian systems may 
have played an important role in the diversification of this group.  
CONCLUSIONS 
Analysis of a nine-locus squamate dataset reveals that the two cordylid 
subfamilies diverged from each other in the Eocene. The viviparous cordylid lizards 
underwent a period of rapid cladogenesis across the Oligocene-Miocene boundary, 
radiating into nine well-supported lineages distributed around the edge of the great 
escarpment in South Africa. The viviparous and rupicolous cordylines would have been 
well suited to the cool, dry Oligocene climates, potentially spreading across the southern 
extent of the subcontinent. Ecological Niche Modeling of the two subfamilies under 
different climatic conditions suggests that the rapid increase in temperatures at the onset 
of the Miocene may have resulted in range contractions that isolated the various lineages 
in different geographic areas and specific habitats, driving cladogenesis and ecological 
adaptation. The oviparous Platysaurinae currently exhibit a subtropical distribution, and if 
the ancestral platysaurs occupied a similar environmental niche during the cool 
Oligocene, the southern extent of the subcontinent would not contain much suitable 
habitat for this clade. It can be hypothesized that the subfamily then, as now, occurred at 
lower latitudes than the cordylines and would not have been as negatively impacted by 
the increasing temperatures at the Oligocene-Miocene boundary, which is why the 
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radiation seen in the cordylines at this time is not replicated in the platysaurs. 
Temperature fluctuations and geological uplifting of the escarpment may have served to 
isolate the east and west lineages of Platysaurus. The initial platysaur divergence during 
the middle Oligocene coincides with the expansion of the Zambezi River, and the 
divergence date of the Zimbabwe – South African clades occurred around a period of 
increased sedimentation in the Limpopo delta, suggesting that changing river systems 
may have played an important role in the divergence of major platysaurine clades. 
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Table 1.1: Calibration points used in the relaxed-clock Bayesian analyses. 
Inclusive taxa Node Relevant fossil taxon Horizon Median (97.5% CI) (mya) 
TLe  offset 
(mean, st.dev.) 
Rhyncocephalia – 
squamata 1 
Indeterminate. 
Rhynchocephalia   
(Sues and Olsen, 
1990) 
Ladinian-
Carnian 
boundary 
231 (225, 301) 224 (2.0, 1.2) 
Unidenta 2 
Balnealacerta 
silvestris       
(Evans, 1998) 
Late 
Bathonian  167 (162, 204) 161 (1.8, 1.2) 
Anguimorph – 
iguanian 3 
Dalinghosaurus 
longidigitalis            
(Ji, 1998) 
Hauterivian 135 (132, 166) 132 (1.0, 1.3) 
Shinosaurus-
Varanus 4 
Palaeosaniwa 
canadensis      
(Bryant, 1989) 
Middle 
Campanian 76 (71, 113) 70 (1.8, 1.0) 
Helodermatidae-
anguididae 5 
Primaderma nessovi 
(Nydam, 2000) 
Albian–
Cenomanian 103 (97.4, 182) 97 (1.7, 1.4) 
Erycinae-Boinae 6 
Titanoboa 
cerrejonensis     
(Head et al., 2009) 
middle–late 
Palaeocene  59 (57.1, 108) 57 (1.0, 1.5) 
Iguania 7 
Priscagama 
gobiensis      
(Borsuk-Bialynicka 
and Moody, 1984) 
Santonian - 
Coniacian 84 (82, 120) 81 (1.2, 1.5) 
Pleurodonta 8 
Saichangurvel 
davidsoni            
(Conrad and Norell, 
2007) 
Campanian 72 (70, 125) 69 (1.8, 1.0) 
Xantusiidae        
(stem Xantusiine) 9a 
Palaeoxantusia fera  
(Hecht et al., 1956) Torrejonian 57 (54.1, 105) 54 (1.0, 1.5) 
Xantusiinae 
(Crown Xantusiine) 9b 
Palaeoxantusia fera  
(Hecht et al., 1956)                Torrejonian 57 (54.1, 105) 54 (1.0, 1.5) 
Cordyliformes 
(stem 
Gerrhosauridae) 
10a 
 Konkasaurus 
mahalana       
(Krause et al., 2003)                      
Maastrictian 68 (65,97) 65(1.0,1.5) 
Gerrhosauridae 
(Crown 
Gerrhosauridae) 
10b 
 Konkasaurus 
mahalana         
(Krause et al., 2003)                   
Maastrictian 68 (65,97) 65(1.0,1.5) 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!e!Translated!lognormal!prior!values!
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Figure 1.1: Recorded localities of the cordylid subfamilies: Red points = Platysaurinae, 
blue points = Cordylinae. The dashed lines denote the three major rivers discussed in this 
chapter. Records taken from South African Reptile Conservation Assessment (SARCA), 
Bayworld (formerly the Port Elizabeth Museum), The American Museum of Natural 
History (AMNH), the Museum of Comparative Zoology (MCZ), and the California 
Academy of Science (CAL) 
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Figure 1.2: Above: A Phylogenetic hypothesis of the Cordyliformes with the 
Maastrictian gerrhosaurid fossil taxon, Konkasaurus mahalana, placed in a polytomy 
with the gerrhosaurid subfamilies, Gerrhosaurinae and Zonosaurinae. Below: A 
phylogenetic hypothesis of the Cordylomorpha. Assuming that the diagnosis of K. 
mahalana to the Gerrhosauridae is accurate and as specific as the evidence will allow, the 
fossil could be placed anywhere in shaded part of the tree. The “conservative” calibration 
strategy would assign the fossil age as the minimum age of the Gerrhosauridae (node B). 
If the specimen could be shown to be more closely related to one or other of the 
gerrhosaurid subfamilies it would be treated as a member of the crown group and the 
calibration point would assign the fossil as the minimum age of the MRCA of the 
Gerrhosauridae (node A).   
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Figure 1.3: CT scanned pelvic girdles highlighting the diversity of pronouncement of the 
anterior iliac tubercle (white arrow) in Konkasaurus mahalana and select extant 
cordyliforms. A: K. mahalana, B: Zonosaurus orientalis (Gerrhosauridae), C: 
Gerrhosaurus flavigularis (Gerrhosauridae), D: Smaug giganteus (Cordylidae), E: 
Ninurta coeruleopunctatus (Cordylidae), F: Platysaurus guttatus (Cordylidae) 
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Figure 1.4: Composite image of lower jaw of K. mahalana, with the hypothetical 
position of missing elements superimposed (green = Coronoid, Red = Splenial). Dentary 
= SEM image from Krause et al., 2003, posterior elements from HRCT scan of the 
holotype.  
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Figure 1.5: CT scanned trunk and caudal osteoderms from K. mahalana and select extant 
cordyliform species. A1 and A2: Konkasaurus mahalana trunk osteoderm, A3: K. 
mahalana caudal osteoderm, B1: Cordylus angolensis trunk osteoderm, B2: C. 
angolensis caudal osteoderm, C1: Namazonurus campbelli trunk osteoderm, C2: N. 
campbelli caudal osteoderm, D1: Karusasaurus polyzonus trunk osteoderm, D2: K. 
polyzonus caudal osteoderm, E1: Ouroborus cataphractus trunk osteoderm, E2: O. 
cataphractus caudal osteoderm, F1: Zonosaurus ornatus trunk osteoderm, F2, Z. ornatus 
caudal osteoderm, G1: Gerrhosaurus major trunk osteoderm, G2: G. major caudal 
osteoderm, H1: G. flavigularis trunk osteoderm, H2: G. flavigularis caudal osteoderm. 
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Figure 1.6: Maximum likelihood phylogram of Squamata recovered using all 11 genes. 
Colored circles denote significant clade support: Green = significant support for MP 
(≥70% bootstrap), ML (≥70% bootstrap) and BI (≥0.95 posterior probability) analyses. 
Yellow = significant ML and BI support. Orange = Significant BI support only. Red = no 
significant clade support from any of the analyses.  Large numbers represent the 
phylogenetic placement of 10 outgroup fossil taxa calibration points listed in table 1.1 
and used to calibrate the BEAST relaxed-clock Bayesian analysis   
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Figure 1.6: (Continued). Maximum likelihood phylogram of the Cordyliformes using all 
11 genes. Colored circles denote significant clade support: Green = significant support 
for MP (≥70% bootstrap), ML (≥70% bootstrap) and BI (≥0.95 posterior probability) 
analyses. Yellow = significant ML and BI support. Orange = Significant BI support only. 
Red = no significant clade support from any of the analyses.  The numbers in the large 
node labels represent the two potential phylogenetic positions of Konkasaurus mahalana 
listed in table 1.1 and used to calibrate the BEAST relaxed-clock Bayesian analysis. The 
basal radiation of viviparous cordylines is highlighted in red. 
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Figure 1.7: Chronogram inferred using BEAST analyses, trimmed to show only the 
Cordyliformes. Ages and 95% HPDs for labels A–L listed in Table 1.5. Node bars 
represent 95% HPD for BA1 (blue: All taxa, all markers, missing data), BA2 (orange: no 
missing data, reduced genes, all taxa) and BA3 (yellow: no missing data, all genes, 
cordyliform taxa only). Red line below chronogram represents the hypothesized global 
temperature fluctuations from Zachos et al. (2001). 
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Figure 1.8: Chronogram inferred using BEAST analyses (BA) of the entire dataset under 
three different calibration strategies, trimmed to show only the Cordyliformes. Ages and 
95% HPDs for labels A–L listed in Table 1.6. Node bars represent 95% HPD for BA1 
(blue: calibration nodes 1-8 +9b +10b.), BA4 (red: calibration nodes 1-8 +9a +10a) and 
BA 5 (green: calibration nodes 1-8). Red line below chronogram represents the 
hypothesized global temperature fluctuations across the Cenozoic (from Zachos et al., 
2001). 
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Figure 1.9 Above: Ecological niche models for the Cordylinae (left) and Platysaurinae 
(right) produced under the following different climatic scenarios: Current climatic 
conditions, 4ºC cooler than current conditions and 4ºC warmer than current conditions.  
Below: Graph showing the change in area of suitable climatic conditions under the three 
climate scenarios 
 
 
 
 
 
 
 
! 82!
 
 
 
 
 
 
0 
500000 
1000000 
1500000 
2000000 
2500000 
,4! 0! 4!
Pr
ed
ic
te
d(
ar
ea
(o
f(s
ui
ta
bl
e(
ha
bi
ta
t((
(k
m
2)
(
Modifcation of projected temperature layers 
Platysaurinae 
Cordylinae 
! 83!
CHAPTER III 
A PHYLOGENETIC AND BIOGEOGRAPHIC STUDY  
OF THE SMAUG WARRENI SPECIES COMPLEX  
(SQUAMATA: CORDYLIDAE) IN SOUTHERN AFRICA. 
 
ABSTRACT 
 Taxonomy of the Smaug warreni species complex remains contentious despite known 
morphological differences and geographical separation of the various taxa. This study 
uses a six-gene dataset to recover phylogenetic relationships between the seven nominal 
members of the Smaug warreni complex. Eight well-supported clades were returned, 
with S. w. barbertonensis found to be paraphyletic. A time–calibrated analysis of 
molecular data indicates that clades in the S. warreni complex separated in the Mid-
Miocene, much earlier than the date suggested by the existing hypothesis of vicariance 
through the ingression of Kalahari sands. Ecological niche modeling indicates that 
although the eight clades are allopatric, a slight decrease in temperature could potentially 
render them sympatric, supporting a hypothesis of range expansion resulting from 
climatic change. 
INTRODUCTION 
Members of the Smaug warreni (Boulenger, 1908) species complex (S. warreni 
warreni, S. warreni barbertonensis, S. w. depressus, S. breyeri, S. vandami, S. 
mossambicus and S. regius) are among the largest of the girdled lizards (family 
Cordylidae), surpassed in size only by their congener Smaug giganteus (Branch, 1998) 
and the larger species in the genus Pseudocordylus. Although the currently recognized 
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taxa of the Smaug warreni complex have diagnosable differences in scale pattern and 
coloration (Figure 2.1), the group has a particularly tortuous taxonomic history and few 
studies have looked empirically at either the relationships between the various forms, or 
the evolutionary history of the complex as a whole. As a result, the taxonomic status of 
several members of the group remains uncertain. 
Zonurus warreni was described by Boulenger (1908) on the basis of two male 
specimens from Ubombo in KwaZulu-Natal, South Africa.  Van Dam (1921) later 
described Z. breyeri from the farm Geelhoutkop, east of Vaalwater, Limpopo Province, 
identifying it as a close relative of Z. giganteus (Smith, 1844).  In the same paper he 
described Z. barbertonensis from Barberton, Mpumalanga Province and considered it 
similar to Z. warreni and Z. breyeri.  FitzSimons (1930) subsequently described three 
taxa that he considered to be related to Z. barbertonensis, namely Z. barbertonensis 
depressus (farm Newgate near Louis Trichardt, Limpopo,  Soutpansberg range, 
Limpopo), Z. vandami vandami (Gravellote, Mpumalanga escarpment) and Z. v. 
perkoensis (farm Perkoe near Olifants River, Mpumalanga escarpment).  At the time, 
Fitzsimons recognized the morphological similarity and apparent relatedness of the 
various forms of the S. warreni species complex known at that time, referring to them as 
the “mountain-frequenting species of Zonurus”.  FitzSimons  (1933) later described Z. 
laevigatus from Entabeni in the Soutpansberg and referred to the group as the “mountain-
frequenting group of Zonures”, which he believed also included “Z. warreni, Z. breyeri, 
Z. barbertonensis, Z. vandami, etc.”(p. 277). He considered Z. laevigatus to be most 
similar to Z. barbertonensis. Stejneger (1936) identified the name Zonurus as a junior 
synonym of Cordylus and the latter name was revived.  
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In the monograph The Lizards of South Africa, FitzSimons (1943) treated 
Cordylus barbertonensis, C. b. depressus and C. breyeri as subspecies of C. warreni, 
retained C. vandami perkoensis as a subspecies of C. vandami, and continued to 
recognize C. laevigatus as a valid species.  Shortly therafter, Loveridge (1944) revised 
the Cordylidae and treated all seven of the above taxa as subspecies of Cordylus warreni.  
Although Loveridge (1944) proposed “treating barbertonensis and allied forms as races 
of breyeri”, he deferred to the authority of FitzSimons (1943) and listed them as 
subspecies of C. warreni.  However, Loveridge (1944: 22, 26) was clearly dubious about 
the validity of C. w. perkoensis and C. w. laevigatus, noting for both that the grounds for 
separation “appear slender”.  Fitzsimons (1958) described Cordylus warreni 
mossambicus, collected near Vila Paiva, Gorongoza Mountains, Mozambique, which he 
considered closely related to C. w. warreni.  Finally, Broadley (1962b) described C. 
warreni regius from Dora near Mutare, Zimbabwe, and considered it intermediate in 
many respects between C. w. warreni and C. w. mossambicus.  Cordylus warreni was 
therefore considered a polytypic species with as many as nine subspecies. 
Branch (1988) stated that the taxonomy of the various subspecies of C. warreni 
was confused and that some taxa might be untenable, while others like C. w. laevigatus 
might represent valid species. The status of South African populations was subsequently 
investigated by Jacobsen (1989) after additional sampling.  On the basis of sympatry 
between C. w. vandami and C. w. breyeri at one locality, Jacobsen (1989) treated 
vandami as a full species.  As the latter two species are the most similar morphologically, 
and the range of breyeri is well separated from that of other taxa by the range of vandami, 
it is not clear why Jacobsen chose to retain breyeri as a subspecies of C. warreni.  As a 
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result of overlapping morphological character variation (scalation and color pattern) he 
considered C. w. perkoensis a junior synonym of C. vandami, and C. w. laevigatus a 
junior synonym of C. w. depressus.  Mouton (1997) noted that resolution of the status and 
relationships of taxa in the C. warreni complex remained one of the most pressing 
taxonomic issues in this genus.  Branch (1998) later followed Jacobsen’s (1989) 
arrangement for South African and Swaziland taxa, but also treated C. breyeri as a valid 
species.  This decision was probably based on the fact that breyeri was, according to 
Jacobsen (1989), not only partly sympatric with vandami, but also most similar to it when 
compared to other taxa in the C. warreni complex.  Branch (1998) also elevated C. w. 
mossambicus and C. w. regius to full species status. Broadley (2006) treated all taxa in 
the C. warreni complex (except laevigatus and perkoensis) as full species, but like 
Branch (1998), he did not provide justification. In a recent molecular study, Stanley et 
al., (2011) recovered the genus Cordylus as paraphyletic and  allocated all members of 
the Cordylus warreni complex to a new genus, Smaug. 
Like most girdled lizards, the members of the Smaug warreni complex are strictly 
rupicolous, inhabiting deep, horizontal crevices, often in shaded rocky outcrops 
(Jacobsen 1989; pers. obs.). The animals are restricted to high elevation regions in the 
northeastern provinces of South Africa, Swaziland and the highlands of eastern 
Zimbabwe and adjacent Mozambique. The various taxa are allopatric and occur on 
separate mountain chains (Figure 2.2) (Branch, 1998; Jacobsen, 1989). Due to their 
reliance on deep crevices, they appear to be relatively substrate specific, occurring in 
partially vegetated boulder-fields on gentle slopes. Jacobsen (1989) proposed that the 
large number of forms in the complex was a result of the ingression of Kalahari sands, 
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which would have created isolated mountain islands, resulting in the present-day 
distribution patterns. The spread of Kalahari sands has been used to explain the high 
number of rock-dwelling species in southern Africa. The timing of this event remains 
controversial, but is thought to have occurred during the Pliocene and Pleistocene 
(Thomas and Shaw, 1993; Thomas et al., 1997).  
Climate change offers another explanation for range fragmentation of montane 
animals in southern Africa. The S. warreni complex is part of the cold-adapted 
Cordylinae (Stanley et al., 2011), being viviparous and occurring at relatively high 
altitudes. Increasing temperatures could have forced formerly widespread lowland 
populations to higher altitudes, creating the distribution patterns seen today.  
The aims of this study are threefold: firstly, to recover the phylogenetic 
relationships of members of the Smaug warreni complex; secondly, to assign divergence 
time estimates for the various clades and test if the timing of major divergences are 
consistent with the proposed dates of the spread of Kalahari sands; and thirdly, to 
investigate the effects of changing climate on the distribution of ancestral populations by 
using range-predicting models of current distributions. Ecological niche modeling has 
proved to be a useful tool for species delimitation (Raxworthy et al., 2007), and its 
inclusion here also helps to shed light on potential sympatry and gene flow between 
putative taxa. 
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MATERIALS AND METHODS 
Taxon sampling 
We examined 48 samples, representing all of the previously recognized species 
and subspecies in the Smaug warreni complex, including specimens collected at the type 
localities of the synonymized taxa Cordylus warreni perkoensis and Zonurus laevigatus 
(Table 2.1). Most samples were collected in October 2008 during a field trip to the South 
African provinces of Limpopo and Mpumalanga, and western Swaziland, and are 
associated with voucher specimens deposited at the National Museum (Bloemfontein). 
Specimens were identified mainly on the basis of their dorsal color patterns – based on 
that of all available South African material of the S. warreni species complex in the 
Ditsong National Museum of Natural History (Pretoria) (see also Jacobsen 1989) and 
National Museum (Bloemfontein) (Figure 2.1, representing typical specimens of the five 
taxa) – but scalation and geographical distribution were also considered (see Jacobsen 
1989). Multiple individuals of each putative taxon were included where possible, and 
sampling was designed to represent the full extent of each species’ geographical range 
(derived from Branch (1991) and Jacobsen (1989) (Figure 2.2). Three cordylids (Smaug 
giganteus, Ouroborus cataphractus and Platysaurus capensis) and one gerrhosaurid 
(Cordylosaurus subtessellatus) were chosen to serve as outgroup taxa, selected on the 
basis of a broader multi-locus study of cordylid systematics (Stanley et al., 2011).  
Sequence procurement and alignment 
Genomic DNA was isolated from ethanol-preserved tissue of liver or muscle 
using Qiagen DNEasy Tissue Extraction Kits (Valencia, California, USA) or a salt 
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extraction method (Aljanabi and Martinez, 1997). Double–stranded PCR was used to 
amplify three mitochondrial (16S, 12S and ND2) and three nuclear genes (KiF24, PRLR 
and MYH2) with primers utilized by Stanley et al. (2011). The amplification of 25 µl 
PCR reactions was executed on an Eppendorf Mastercycler gradient thermocycler. 
Amplification of genomic DNA began with an initial denaturation at 95˚C for 2 min 
followed by 95˚C for 35 s, annealing at 50˚C for 35 s, and extension at 72˚C for 150 s for 
32 cycles for mitochondrial DNA and 34 cycles for nuclear DNA. When needed, 
annealing temperatures were adjusted to increase or decrease specificity. PCR products 
were visualized with 1.5% agarose gel electrophoresis. Target products were sequenced 
at Villanova University, the Sackler Institute for Comparative genomics at the American 
Museum of Natural History, or externally by MACROGEN. PCR products were purified 
with AMPure magnetic bead solution (Agencourt Bioscience, Beverly, Massachusetts, 
USA) and sequenced with either the BigDye_Terminator v3.1 Cycle Sequencing Kit 
(Applied Biosystems, Foster City, California, USA). Sequencing reactions were purified 
with CleanSeq magnetic bead solution (Agencourt Bioscience, Beverly, Massachusetts, 
USA) and analyzed with an ABI 3700 automated sequencer. Each 3′ to 5′ sequences were 
reverse-complimented and aligned with the corresponding 5′to 3′ sequences and 
contiguous internal sequences using the program Geneious™ (Drummond et al., 2008), 
with the sequence recovered from this consensus. Multiple sequence alignment was 
performed with the MUSCLE alignment (Posada and Crandall, 1998) function in 
Geneious and the amino acid reading frame visualized to check for premature stop 
codons in the protein-coding sequences. 
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Phylogenetic analysis  
We adopted a pluralistic approach for phylogenetic analysis, performing separate 
analyses with the three most commonly employed optimality criteria, Maximum 
Parsimony (MP), Maximum Likelihood (ML) and Bayesian Inference (BI). Analyses 
were performed on the concatenated dataset and the nuclear and mitochondrial genes 
separately. MP analyses were run using PAUP* (Swofford, 2002) under the following 
conditions: ten random addition replicates, tree bisection-reconnection (TBR) branch 
swapping, zero-length branches collapsed to yield polytomies, and gaps treated as 
missing data. Each base site was treated as an unordered character with four alternate 
states, corresponding to the four DNA nucleotide bases.  
For the ML and BI analyses, data were partitioned by gene and the most 
appropriate model of evolution for each partition was identified using Akaike information 
criterion in JmodelTest (Posada, 2008; Posada and Crandall, 1998) – see Table 2.3. The 
ML analyses were performed using Garli V2.0 (Zwickl, 2006). Phylogenetic robustness 
was estimated in the MP and ML analyses through by running 1000 random addition 
bootstrap replicates (Felsenstein, 1985). Strict consensus trees were calculated for 
bootstrap repetitions that recovered multiple equally parsimonious trees. The BI analyses 
were conducted using MrBayes 3.1 (Huelsenbeck and Ronquist, 2003) with default 
priors. Two runs were performed for 10,000,000 generations and the Markov chains were 
sampled every 1000 generations. If adequate convergence had not occurred after 5 
million generations, additional generations were run until the average standard deviation 
of split frequencies was less than 0.01. Tracer v1.5 was used to plot the log likelihood 
score against generation to identify the convergence point and the burn-in was discarded. 
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Topological convergence was tested for using the program Are We There Yet (Nylander 
et al., 2008). Nodes that returned clade posteriors ≥0.95 were considered significantly 
supported.  
Divergence dating 
Implementing multiple calibration points improves accuracy and increases 
statistical robustness of divergence dating analyses (Benton et al., 2009). This poses a 
problem for dating divergences within the Cordylidae, as the family has a very poor fossil 
record. Although putative cordylids have been recovered from Oligocene deposits in 
Europe (Auge, 2003; Böhme, 2003; Böhme, 2002), their true phylogenetic position in the 
family remains unknown. One fossil recovered from late Cretaceous deposits in 
Madagascar, Konkasaurus mahalana, (Krause et al., 2003)  has been assigned to the 
Cordylidae and has been used to calibrate the minimum age of Cordyliformes in previous 
Squamate phylogenies (Vidal and Hedges, 2005; Wiens et al., 2006). The date of 68 
million years for the common ancestor of Cordyliformes is congruent with the findings of 
a recent analysis that did not include Konkasaurus as a calibration (Townsend et al., 
2011b). 
As the Smaug warreni complex lacks clear in-group fossil calibration points, the 
taxonomic sampling for the phylogenetic analysis was expanded to include 
comprehensive sampling for the rest of the Cordylidae, and representative samples from 
the Gerrhosauridae (Cordylidae + Gerrhosauridae = Cordyliformes (Lang, 1991), 
Xantusiidae (Cordyliformes + Xantusiidae = Cordylomorpha, (Vidal and Hedges, 2009) 
and Scincidae  (Cordylomorpha + Scincidae = Scinciformata Vidal and Hedges, 2009), 
using sequence data from Genbank. Two calibration points were used: 1) the most recent 
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common ancestor (MRCA) of Cordyliformes = 68 mya, (Krause et al., 2003), and 2) 
Scinciformata MRCA =  160 mya (Vidal and Hedges, 2009). 
A time-calibrated phylogeny was inferred using a relaxed molecular clock model 
in the program BEAST version 1.61 (Drummond and Rambaut, 2007). Data was 
partitioned by gene and assigned the appropriate substitution model from Modeltest 
(Posada and Crandall, 1998). A relaxed uncorrelated lognormal clock model with 
estimated rates was assigned to each of the genes. The taxa were allocated to two 
monophyletic groups: Cordyliformes and Scinciformata. These were calibrated with 
lognormal priors, offset into the calibration date (see above for values), 1.0 LogMean, 
and 1.0 Log St.dev. A pure-birth (Yule) tree prior was shared across all trees. The 
MCMC analysis was run for 100 million iterations, visualized with Tracer v1.5 (Rambaut 
and Drummond, 2007) and the burn-in discarded.  
To ameliorate any issues stemming from the large time and phylogenetic 
distances between the calibration points and the S. warreni complex, I ran a second 
analysis to estimate the divergence times for the various lineages within the complex that 
did not rely on the fossil calibration points but rather assumed a strict molecular clock for 
the mitochondrial genes. Daniels et al. (2004) assumed a molecular clock for the 
mitochondrial gene, ND2, allowing them to estimate divergence times in their study of 
melanistic forms of Cape cordylids, using the mitochondrial mutation rate of 0.65% per 
million years proposed by Macey et al. (1998) and implemented by several other 
phylogenetic analyses of squamates (Glor et al., 2001; Schulte et al., 2000). To test 
whether mitochondrial DNA is evolving in clock-like manner in the Smaug warreni 
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complex I used a likelihood ratio test between a ML analysis with a molecular clock 
enforced and a second run that did not assume a molecular clock. A phylogenetic tree 
was recovered in BEAST using a strict clock prior with a rate of 0.0065 for the 
mitochondrial genes and a relaxed clock uncorrelated lognormal prior for the remaining 
loci. 
Climatic niche analysis 
The effect of climate change on the distribution of the target taxa was explored 
using the GIS program, Maximum Entropy Species Distribution Modeling (MaxEnt), 
version 3.3.2. (Phillips et al., 2006). Locality information for 102 specimens was 
compiled from a series of museum sources (supplemental data). As I lacked reliable 
Smaug mossambicus locality data, and only one S. regius locality record was available, 
the distributions of these species were not modeled. Smaug w. barbertonensis was 
considered to comprise two distinct species-level clades (as discussed below) which were 
analyzed separately. 
Twelve environmental layers relating to climate and topography were used in the 
ENM analysis (Table 2.4). Eight climatic layers were taken from the Worldclim database 
(http://www.worldclim.org) and four topological layers were generated from the digital 
elevation model from US Geological Survey’s HYDRO1K database 
(http://edcdaac.usgs.gov/gtopo30/ hydro/index.asp). These layers were tested for 
correlation using the “cor” function in R. All environmental layers were resampled to the 
WGS1984 Transverse Mercator projection at 1km2 resolution and were cropped to a 
latitudinal range of –16º to –29º and a longitudinal range of 26º to 36º using ArcMap. 
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In order to test the predictive power of the models, a series of k-fold partitioned 
runs were performed, removing a subset of the locality data, and measuring the 
probability model created from the reduced dataset’s ability to predict the omitted 
records. Five repeats were run per model, each repeat using 80% of the locality points to 
build a model and then testing how well this model predicts the remaining 20% of the 
locality records. Additionally, the area under the receiver operating characteristic curve 
(AUC) values was recorded for each model as a further test of the model’s predictive 
power. In order to gage the degree of overlap in predicted ecological niche between the 
various taxa, the Shoener’s D measure overlap was recovered using ENM Tools (Warren 
et al., 2010). As I was interested to see if closely related taxa were occupying identical or 
divergent niche-space, I ran a series of identity tests (which analyzes whether the ENM of 
two populations are identical) and background tests (which determines whether ENMs of 
two populations are more similar than expected by chance, given the available niche-
space for the geographical regions in which they reside) in ENM tools. 
The divergences dates that were recovered by the dating analysis show that the 
eight major clades (see Results below) were diverging at a time where the global 
temperature was steadily decreasing (Zachos et al., 2001). In order to simulate how this 
may have impacted the range of the various taxa I ran additional models projecting the 
current models on to environmental layers that had been modified to recreate shifting 
environmental conditions at the time of divergence. To produce these estimated ancestral 
climate layers I simply modified the temperature by the +2°C, +1°C, –1°C  and –2°C. In 
order to more easily delineate suitable and non-suitable habitat for all models, a threshold 
of occurrence was set for each of the clades to be 10th percentile training presence. 
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RESULTS 
Phylogenetic relationships 
The length of the concatenated dataset was 3803 bp (735 parsimony informative 
characters). Parsimony analysis recovered 126 most parsimonious trees with a length of 
1230. The best ML tree had a log likelihood score of –21843.06229. 
The topologies of the phylogenies from the total, nuclear and mitochondrial datasets 
were largely congruent whether analyzed with MP ML or BI, with the same eight well-
supported clades (S. w. depressus, S. breyeri, S. vandami, S. w. warreni, S. mossambicus , 
S. regius and two geographically isolated clades of S. w. barbertonensis) consistently 
divided between four well-supported clades (A–D Figures 2.3 and 2.4). The uncorrected 
pairwise mitochondrial sequence divergence between these eight clades ranged from 5.6 
– 8.7%.  Clade A comprises two morphologically distinguishable forms – typically dark 
brown, pale-spotted, spiky-scaled S. w. depressus, and specimens from a population of 
mostly plain brownish-grey, relatively smooth-scaled lizards once described as a separate 
species (Zonurus laevigatus). Specimens from the Z. laevigatus type locality were 
recovered at several places throughout this clade, and did not display consistent genetic 
differentiation from other S. w. depressus. Clade B comprises the Waterberg (S. breyeri) 
and escarpment (S. vandami) species (including a near-topotype of Z. v. perkoensis). 
Clade C contains the two northern species, Smaug mossambicus and S. regius. Clade D 
contains the two eastern ‘subspecies’ of S. warreni: S. w. warreni and S. w. 
barbertonensis. Smaug w. barbertonensis is returned as paraphyletic, with the population 
from Swaziland more closely related to S. w. warreni than to S. w. barbertonensis from 
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the type locality of Barberton, South Africa. In the concatenated and nuclear analyses, 
lineages C and D are returned as sister groups. The relationship of clade B with (C + D) 
is not well supported, but clade A is recovered as the earliest diverging in the majority of 
analyses. One juvenile individual from the Blouberg Mountain at the limit of the range of 
S. breyeri was assigned to S. vandami on the basis of coloration, but was recovered with 
the other northeastern S. breyeri by all molecular analyses. A subsequent morphological 
reinspection corroborates the molecular findings. The sample assigned to Z. v. perkoensis 
was returned in a clade of S. vandami from the center of the species range. The 
northeastern and southwestern individuals are more closely related to each other than to 
the samples from the middle of the range.  
Dating analysis 
The hypothesis of a mitochondrial constant molecular clock was rejected by the 
likelihood ratio test (without clock- lnL -10094.15, with clock-LnL -10180.65; LR 
=172.98, DF = 48, P = <0.001). Results of divergence analyses (calibrated based on gene 
rate and fossil, Figure 2.4) recovered the same species relationships as in the previous 
phylogenetic analyses (Figure 2.3), although some variation in the relationships between 
conspecifics was seen. Both analyses recovered similar dates for the major divergences 
within the complex. In the subsequent section, the mean dates from the fossil calibrated 
analysis are given first, followed the dates recovered from the mitochondrial clock 
analysis, shown in parentheses. Smaug w. depressus diverged from the other forms 
around 11.2 mya (10.7 Ma). clade B split from clade (C + D) around 10.7 mya (9.8 Ma) 
and clade C diverged from clade D ~10 mya (9.0 Ma). Smaug vandami and S. breyeri 
shared a common ancestor 5.1 mya (5.6 Ma), the MRCA of S. vandami occurring 3.0 
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mya (3.8 Ma) and the MRCA of S. breyeri 2.6 mya (2.9 Ma). All sampled individuals of 
Smaug w. depressus share a common ancestor 2.5 mya (2.9 Ma).  The Northern species 
diverged 7.8mya (7.1 Ma)The South African clade of S. w. barbertonensis split from the 
Swaziland clade of S. w. barbertonensis and S. w. warreni 7.9 mya (8.9 Ma), with the 
latter two clades diverging 6.8 mya (6.9 Ma). The two populations of S. w. warreni 
sampled in this study diverged 2.6 mya (3.2 Ma). The MRCA of the Smaug warreni 
complex and S. giganteus occurred ~20.5 mya (18.6 Ma). 
Climate range modeling 
The ecological niche models based on the recorded localities of the six southern 
taxa (treating the northern and southern clades of S. w. barbertonensis separately) are 
shown in Figure 2.5. Modeling the niches using present-day climatic conditions produced 
clear and distinct ecological niches for all sampled taxa, although some overlapping was 
observed in the climatic niches of all taxa (Table 2.5). The southern clade of S. w. 
barbertonensis and S. w. warreni appear to share an area of suitable climatic habitat at 
the southern part of their ranges. The niche model of the southern S. w. barbertonensis 
predicts suitable conditions in the central Lebombo Mountains, where S. w. warreni 
occurs, but the latter taxon’s niche does not predict the distribution of either of the S. w. 
barbertonensis clades. The ecological niche models of S. breyeri, S. vandami and S. w. 
depressus all overlap around Mokopane (formerly Potgietersrus), Limpopo. All three of 
these species models also display suitable areas of habitat in the Chimanimani 
Mountains, close to the range of S. regius. The predicted range of five of the six taxa 
increased significantly under the cooler climate scenarios and decreased under the 
warmer projections (Figures 2.5 B–E, 2.6). 
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Identity tests performed with ENMTools were able to reject the null hypotheses 
and show that the closely related taxa (S. w. warreni + S. w. barbertonensis from 
Swaziland, S. w. warreni + S. w. barbertonensis from Barberton north, the two clades of 
S. w. barbertonensis, and S. vandami + S. breyeri) do not occupy identical niches. 
Interestingly, the only background test that was able to reject the null hypothesis that 
these taxa occupy similar niches was two S. w. barbertonensis ENM pair, which showed 
that the southern taxon occupies a significantly dissimilar niche to the northern taxa, but 
not vice-versa (Appendix B). 
DISCUSSION 
Phylogenetic relationships and taxonomic implications 
The eight major clades – representing seven currently recognized taxa and an un-
named species currently assigned to S. w. barbertonensis – recovered by our analysis 
display high genetic divergence, possess non-identical ecological niches and exhibit 
diagnostic morphological characters. This confluence of diagnoses supports the working 
hypothesis that each represents an independently-evolving metapopulation and can be 
treated as a valid species under the General Lineage Species Concept of de Queiroz 
(1998a). No samples from the southern range (Bourquin, 2004) of S. barbertonensis were 
included in the molecular analysis and further investigation is required before it is known 
whether S. barbertonensis from western Swaziland and KwaZulu-Natal form a 
monophyletic group or are rendered paraphyletic by S. warreni. However, given that 
Smaug warreni barbertonensis is rendered paraphyletic by S. w. warreni, and that the 
populations of S. w. barbertonensis from Swaziland and KwaZulu-Natal are genetically 
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and morphologically diagnosable from S. w. barbertonensis from the type locality 
(Barberton), these southern populations will be assigned to a new species (Bates and 
Stanley in prep.). Furthermore, S. w. depressus and the S. w. barbertonensis populations 
from Barberton northwards should be elevated to full species status to reflect the findings 
of this study and render S. warreni a monophyletic species. I therefore recognize the 
following species: Smaug warreni (Boulenger, 1908), Smaug breyeri (Van Dam, 1921), 
Smaug barbertonensis (Van Dam, 1921) comb. nov., Smaug depressus (FitzSimons, 
1930) comb nov., Smaug vandami (FitzSimons, 1930), Smaug mossambicus 
(FitzSimons, 1958) and Smaug regius (Broadley, 1962). 
The three clades of Smaug breyeri returned by the analysis correspond to the 
southern (sites 1–3), western (sites 4–5) and northeastern (site 6) sampling sites for this 
species (Figure 2.2). Jacobsen (1989) recorded an isolated population of Smaug vandami 
from the Blouberg Mountain (site 6, Figure 2.2), and specimens of both S. breyeri 
(museum voucher TM 58416) and S. vandami (TM 73979) from “farm New York” in the 
eastern Waterberg Mountains. He assigned species status to S. vandami on the basis of 
this apparent sympatry. A subadult S. breyeri (NMB R9134) collected 10 km south of 
Lephalale (site 1 in Figure 2.2) – close to Jacobsen’s record of sympatry – was similar in 
coloration to typical S. vandami (Figure 2.1), and the Blouberg individual (MBUR 320) 
used in this study was initially identified as S. vandami by the collector based on color 
pattern. The molecular analysis recovers both of the latter samples in the S. breyeri clade, 
and their identity was confirmed by subsequent morphological examination of voucher 
specimens. The two specimens (farm New York) on which Jacobsen (1989) based his 
comments regarding sympatry of ‘S. w. breyeri’ and S. vandami (the later taxon elevated 
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to a full species on the basis of his assessment) have also been examined and both are 
here considered referable to S. breyeri. 
Fitzsimons (1933) proposed that S. depressus, from Entabeni (type locality) in the 
Soutpansberg Mountains, was a separate species, namely Zonurus laevigatus. Jacobsen 
(1989) suggested that this phenotypic variation was clinal, with a gradual reduction in 
spinocity occurring from west to east. The individuals collected from Z. laevigatus type 
locality were indeed less spinose in appearance than typical forms of S. depressus (Figure 
2.7), and strongly resembled females of the northern species S. mossambicus and S. 
regius. Spinose forms have been recorded from east of Entebeni (Pienaar et al., 1983), 
but such specimens were not available for this study. A fairly deep divergence was seen 
within S. depressus, but both the typically spiny and smooth scaled phenotypes were 
recovered on either sides of the divide. Although there is genetic structure within this 
group, these clades do not correspond to a particular phenotype or distribution pattern. 
The consistency of this pattern across the separate mitochondrial and nuclear analyses 
suggests that this in not a result of introgression, and while this could conceivably be a 
result of incomplete lineage sorting, our limited sampling in this area was unable to 
reconcile this. Pending further work, I recommend that Z. laevigatus should remain in 
synonymy with S. depressus. All analyses recovered the specimen collected near the type 
locality of S. w. perkoensis within the S. vandami clade from the central part of the range; 
Z. v. perkoensis should therefore remain in the synonymy of S. vandami. 
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Is the divergence timeline consistent with fragmentation by the Kalahari sands? 
 Despite the lack of nearby fossil calibration points and the non-clocklike nature of 
ND2, the two dating analyses returned very consistent ages for all the nodes, suggesting 
that these dates can be treated with a degree of confidence. Assuming the dates proposed 
by Thomas et al. (1997) are accurate, the complex had started to diverge well before the 
ingression of the Kalahari sands.  
 Around the time of the initial divergences, spiking δ18O levels off the south-west 
African coast (Westerhold et al., 2005) suggest fluctuations in temperature, and a general 
cooling trend consistent with global ocean temperatures (Kastanja et al., 2006). 
Furthermore, the uplift of the Great Escarpment is thought to have isolated the interior 
plateau, contributing to aridification of the subcontinent (Sepulchre et al., 2006). Tolley 
et al., (2008) showed that dwarf chameleons (genus Bradypodion) that occur in the same 
region as the S. warreni complex, also underwent a period of cladogenesis in the mid-to-
late Miocene. The authors of the latter paper suggest that this diversification was the 
result of the aridification of southern Africa and subsequent transition from C3 vegetation 
to C4 grasslands, leading to the fragmentation of the chameleon’s forest habitat. 
Major differences in the ecology of arboreal (e.g. chameleons) and rupicolous 
(e.g. cordylids) animals make it unlikely that the same processes that caused Bradypodion 
to fragment are driving speciation in the cordylids, and the ecological niche models for 
the S. warreni species complex reinforce this. The results from our ENM analysis show 
that even a small drop in temperature or precipitation may result in a large increase in 
suitable habitat for members of the complex, suggesting that the decreasing temperatures 
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of the Miocene would have been a period of expansion and dispersion, not contraction 
and fragmentation. These cold dry periods could, therefore, have led to range expansions, 
allowing populations to spread through suboptimal habitat to colonize new areas, and 
subsequently becoming isolated from the original range. Data from the ecological niche 
modeling therefore strongly suggests that climate change has played a major role in 
cladogenesis in the S. warreni species complex. Climate change has also been suggested 
as an important factor in range fragmentation and cladogenesis in other South African 
species (see Bauer and Lamb 2005). 
No further light is shed on the locality of the corridor between the Mozambique/ 
Zimbabwe and the South Africa/ Swaziland lineages. However, the late Miocene split 
between the northern (clade C) and southeastern  (clade D) taxa is concomitant with the 
sudden increase in the volume of the Limpopo River (Moore and Larkin, 2001). Patterns 
of rivers and drainage systems have been closely linked with speciation patterns in a 
range of organisms, most notably for this study, the cordylid genus Platysaurus (Scott et 
al., 2004). The Limpopo River may have played a role in separating the two northerly 
species, S. regius and S. mossambicus, from the rest of the complex. Similarly, it has 
been suggested that the Zambezi River played a role in cladogenesis of the Pachydactylus 
capensis group of geckos (Bauer and Lamb, 2002). Uplifting of the Great Escarpment 
during the late Miocene is believed to have contributed to considerable gully 
development and gorge incision (Grab, 2010a), and future analyses of the relationships 
within the complex may benefit from incorporating this information, as well as 
information on stream and drainage basin patterns. 
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Table 2.1. Accession numbers and localities of taxa used in this study and their 
equivalent marker on Figure 2.2. SA = South Africa, MZ = Mozambique, SZ = 
Swaziland, ZB= Zimbabwe 
Taxon Accession # Co-ordinates Locality Figure 1  
S. breyeri NMB R9149 24º 19’ 49” S, 28º 33’ 19” E 45 km E of Vaalwater, Limpopo, SA 1 
S. breyeri NMB R9155 24º 19' 48" S, 28º 33' 18” E 45 km E of Vaalwater, Limpopo, SA 1 
S. breyeri NMB R91506 24º 17' 12" S, 28º 23' 29” E Geelhoutkop, Limpopo, SA 2 
S. breyeri NMB R91511 24º 17' 09" S, 28º 23' 32” E Geelhoutkop, Limpopo, SA 2 
S. breyeri NMB R91521 24º 17' 12" S, 28º 23' 29” E Geelhoutkop, Limpopo, SA 2 
S. breyeri MFB 2008.1221 24º 17' 11" S, 28º 23' 29” E Geelhoutkop, Limpopo, SA 2 
S. breyeri AMB 8395 24º 03' 33" S, 28º 24' 23” E 40 km NE of Vaalwater, Limpopo, SA 3 
S. breyeri MBUR 01561 23º 51' 36" S, 27º 39' 31” E 20 km S of Lephalale, Limpopo, SA 4 
S. breyeri NMB R9134 23º 46' 17" S, 27º 46' 12” E 10 km S of Lephalale, Limpopo, SA 5 
S. breyeri MBUR 00320 23º 17' 24" S, 28º 50' 25” E Makgabeng area, Blouberg, Limpopo, SA 6 
S. w. depressus MCZ F38871 23º 02' 10" S, 29º 25' 04” E 15 km E of Vivo, Limpopo, SA 7 
S. w. depressus NMB R9157 22º 58' 15" S, 29º 57' 23" E 10 km NE of Louis Trichardt, Limpopo, SA 8 
S. w. depressus NMB R9158 22º 58' 16" S, 29º 57' 23" E 10 km NE of Louis Trichardt, Limpopo, SA 8 
S. w. depressus NMB R9159 22º 58' 11" S, 29º 57' 26" E 10 km NE of Louis Trichardt, Limpopo, SA 8 
S. w. depressus NMB R9160 22º 58' 11" S, 29º 57' 28" E 10 km NE of Louis Trichardt, Limpopo, SA 8 
S. w. depressus MFB2008.1547 22º 59' 01" S, 30º 17' 04" E Entabeni State Forest, Limpopo, SA 9 
S. w. depressus NMB R91722 22º 58' 59" S, 30º 16' 56" E Entabeni State Forest, Limpopo, SA 9 
S. w. depressus NMB R91732 22º 58' 59" S, 30º 16' 56" E Entabeni State Forest, Limpopo, SA 9 
S. w. depressus NMB R91742 22º 58' 59" S, 30º 16' 56" E Entabeni State Forest, Limpopo, SA 9 
S. w. depressus NMB R10876 22º 43' 12" S, 30º 28' 47" E Guyuni, Limpopo, SA 10 
S. w. depressus NMB R10877 22º 43' 46" S, 30º 27' 38" E Guyuni, Limpopo, SA 10 
S. vandami NMB R8543 24º 13' 00" S, 29º 31' 30" E Chuniespoort, Limpopo, SA 11 
S. vandami NMB R8544 24º 13' 00" S, 29º 31' 30" E Chuniespoort, Limpopo, SA 11 
S. vandami NMB R8545 24º 13' 00" S, 29º 31' 30" E Chuniespoort, Limpopo, SA 11 
S. vandami AMB 8194 24º 03' 59" S, 30º 49' 56" E Olifants North Game Reserve, Mpumalanga, SA 12 
S. vandami AMB 8195 24º 03' 35" S, 30º 49' 33" E Olifants North Game Reserve, Mpumalanga, SA 12 
S. vandami JM 18 24º 30' 49" S, 30º 38' 29" E Abel Erasmus Pass, Limpopo, SA 13 
S. vandami AMB 8292 24º 56' 22" S, 30º 15' 09" E Buffelskloof Dam, Mpumalanga, SA 14 
S. vandami NMB R9188 25º 31' 50" S, 29º 28' 20" E 4 km N of Lammerkop, Mpumalanga, SA 15 
S. vandami NMB R9189 25º 31' 50" S, 29º 28' 20" E 4 km N of Lammerkop, Mpumalanga, SA 15 
S. vandami NMB R9190 25º 31' 50" S, 29º 28' 20" E 4 km N of Lammerkop, Mpumalanga, SA 15 
S. w. warreni NMB R9197 25º 54' 12" S, 31º 52' 12" E Mount Mananga, Mpumalanga, SA 16 
S. w. warreni NMB R9198 25º 54' 12" S, 31º 52' 12" E Mount Mananga, Mpumalanga, SA 16 
S. w. warreni NMB R9199 25º 54' 12" S, 31º 52' 12" E Mount Mananga, Mpumalanga, SA 16 
S. w. warreni MBUR 01135 26º 54' 52" S, 32º 00' 31" E Mayaluka, KwaZulu-Natal, SA 17 
S. w. barbertonensis NMB R9201 26º 04' 32" S, 31º 15' 34" E Maguga Dam, SZ 18 
S. w. barbertonensis NMB R9202 26º 04' 34" S, 31º 15' 35" E Maguga Dam, SZ 18 
S. w. barbertonensis RCBS 2133 26º 04' 57" S, 31º 15' 59" E Maguga Dam, SZ 18 
S. w. barbertonensis NMB R9194 26º 04' 29" S, 31º 07' 32" E Malolotja Nature Reserve, SZ 19 
S. w. barbertonensis ELS 18 26º 04' 55" S, 31º 08' 02" E Malolotja Nature Reserve, SZ 19 
S. w. barbertonensis ELS 79 25º 46' 26" S, 31º 03' 20" E Barberton, Mpumalanga, SA 20 
S. w. barbertonensis ELS 104 25º 46' 27" S, 31º 03' 21" E Barberton, Mpumalanga, SA 20 
S. w. barbertonensis ELS 114 25º 46' 27" S, 31º 03' 21" E Barberton, Mpumalanga, SA 20 
S. w. barbertonensis NMB R91964 25º 46' 26" S, 31º 03' 20" E Barberton, Mpumalanga, SA 20 
S. w. barbertonensis ELS 64 25º 46' 44" S, 31º 03' 34" E Barberton, Mpumalanga, SA 20 
S. w. barbertonensis ELS 34 25º 46' 46" S, 31º 03' 35" E Barberton, Mpumalanga, SA 20 
S. mossambicus PEM R5227 – Gorongosa, MZ 21 
S. regius AMB 6171 19º 03' 25" S, 32º 36' 16" E 10  km SW of Mutare, ZB 22 
 
 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
6 Collected at the type locality of Zonurus breyeri 
7 Collected at the type locality of Zonurus laevigatus 
8 Collected near the type locality of Zonurus vandami perkoensis 
9 Collected at the type locality of Zonurus barbertonensis 
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Table 2.2. Primer information for the genes utilized in the molecular analysis of the 
Smaug warreni species complex. The PCR column denotes the number of repeated 
cycles/annealing temp (ºC) used in the PCR. 
Primer Gene Reference Sequence PCR  
16Sa 16S Simon et al., 1994 5’ CGCCTGTTTATCAAAAACAT 3’ 34/52 
16Sb 16S Simon et al., 1994 5’ CCGGTCTGAACTCAGATCACGT 3’ 34/52 
12SA700 12S Stanley et al., 2011 5' AAACTGGGATTAGATACCCCACTAT 3' 34/52 
12Sr600 12S Stanley et al., 2011 5' GAGGGTGACGGCGGTGTGT 3' 34/52 
L4437 ND2 Macey et al., 1997 5' AAGCTTTCGGGCCCATACC 3' 34/52 
H5540 ND2 Macey et al., 1997 5' TTTAGGGCTTTGAAGGC 3' 34/52 
R102 ND2 Stanley et al., 2011 5' CAGCCTAGGTGGGCGATTG 3' -/- 
PRLRf1 PRLR Townsend et al., 2008 5' GACARYGARGACCAGCAACTRATGCC 3' 34/54 
PRLRr1 PRLR Townsend et al., 2008 5' GACYTTGTGRACTTCYACRTAATCCAT 3' 34/54 
Kif24f Kif24 Portik et al., 2010 5' WGGCTGCTGRAAYTGCTGGTG 3' 34/50 
Kif24r Kif24 Portik et al., 2010 5' SAAACGTRTCTCCMAAACGCATCC 3' 34/50 
MYH2f MYH2 Stanley et al., 2011 5' GAACACCAGCCTCATCAACC 3' 34/52 
MYH2r MYH2 Stanley et al., 2011 5' TGGTGTCCTGCTCCTTCTTC 3' 34/52 
 
 
 
 
 
Table 2.3. Information on gene length, variation and models used in the molecular 
analysis of the Smaug warreni species complex 
Gene 16S 12S ND2 PRLR Kif24 MYH2 
Length 521 458 942 456 561 865 
Model TIM2+I+G GTR+
G 
TrN+I+G GTR+G GTR+G K80+I 
Identical 
sites 74.9% 75.3% 54.2% 79.4% 81.8% 68.7% 
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Table 2.4. Environmental layers utilized in the GIS analysis. 
Environmental variable  Data Source 
1 Mean Diurnal Range WorldClim (Hijmans et al., 2005) 
2 Isothermality  WorldClim (Hijmans et al., 2005) 
3 Temperature Seasonality  WorldClim (Hijmans et al., 2005) 
4 Min Temperature of Coldest Month WorldClim (Hijmans et al., 2005) 
5 Mean Temperature of Warmest Quarter WorldClim (Hijmans et al., 2005 
6 Annual Precipitation  WorldClim (Hijmans et al., 2005) 
7 Precipitation Seasonality  WorldClim (Hijmans et al., 2005) 
8 Precipitation of Coldest Quarter WorldClim (Hijmans et al., 2005) 
9 Slope10 US Geological Survey HYDRO1k DEM 
10 Curvature US Geological Survey HYDRO1k DEM 
11 Aspect: Eastness11 US Geological Survey HYDRO1k DEM 
12 Aspect: Northness‡ US Geological Survey HYDRO1k DEM 
 
 
Table 2.5. Shoener’s D overlap statistics for the six southern clades of the Smaug 
warreni species complex. SA= South Africa, SZ = Swaziland. 
SPECIES S. w. 
barbertonensis 
(SA) 
S. breyeri S. w. 
depressus 
S. w. 
barbertonensis 
(SZ) 
S. vandami S. w. 
warreni. 
S. w. barbertonensis 
(SA) 1.0000 0.0403 0.2299 0.4134 0.2730 0.3706 
S. breyeri - 1.0000 0.1707 0.0482 0.3026 0.0081 
S. w. depressus - - 1.0000 0.2679 0.4178 0.1443 
S. w. barbertonensis 
(SZ) - - - 1.0000 0.2491 0.3758 
S. vandami - - - - 1.0000 0.1417 
S. w. warreni - - - - - 1.0000 
 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
10 Values for curvature and slope were generated from the HYDRO1K DEM layer using 
the Surface Spatial Analyst tools in ArcMap. 
11 Values for Eastness and Northness layers were generated from the HYDRO1k aspect 
layer using the following transformations using the Raster Calculator tool in ArcMap: 
Eastness = Con ( [Aspect] == - 1, 0, Sin([Aspect] * 3.14159 / 180)), Northness = Con ( 
[Aspect] == - 1, 0, cos([Aspect] * 3.14159 / 180)). 
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Figure 2.1: Variation in dorsal coloration in the Smaug warreni species complex in South 
Africa. From left to right: S. breyeri (NMB R9150, Geelhoutkop – type locality), S. 
vandami (NMB R9188, Farm Mooiplaats), S. w. depressus (NMB R9157, Farm 
Vlakfontein, Soutpansberg), S. w. barbertonensis (NMB R9192, Barberton – type 
locality), S. w. warreni (NMB R9292, Mount Mananga, Lebombo Range). Photo by M. 
F. Bates. 
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Figure 2.2: A map showing the distributions for the members the Smaug warreni species 
complex, taken from Branch (1998) (S. breyeri = blue, S. vandami = red, S. w. depressus 
= purple, S. w. warreni = green, northern S. w. barbertonensis clade = yellow, and 
southern S. w. barbertonensis clade = orange). Numbers in colored circles represent 
localities of the specimens used in the molecular analyses of the Smaug warreni species 
complex as listed in Table 1. 
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Figure 2.3: ML phylogram of six concatenated nuclear and mitochondrial genes for the 
Smaug warreni species complex. Bootstrap support (MP / ML) shown above branches, 
Posterior probabilities below branches Clades A to D are discussed in the text. 
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Figure 2.4: Time tree (time scale in millions of years; Ma) showing diversification of the 
Smaug warreni species complex inferred from six mitochondrial and nuclear genes using 
BEAST. Clades are labeled (A)–(D) according to the text. Blue bars represent 95% 
highest posterior density for node age 
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Figure 2.5: Predicated ecological niches for members of the Smaug warreni species 
complex (S. breyeri = blue, S. vandami = red, S. w. depressus = purple, S. w. warreni = 
green, northern S. w. barbertonensis clade = yellow, and southern S. w. barbertonensis 
clade = orange) using 19 climatic variables. A) Ecological niche models assuming current 
climatic conditions. B–E) Projected ranges with select temperature layers modified by –
2°C, –1°C, +1°C and +2°C respectively. Circles denote localities used in the climatic 
niche analyses. 
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Figure 2.6: Graph showing the area of predicted suitable climate for the six southern taxa 
of the Smaug warreni species complex under current conditions, and projected warmer 
and colder conditions. 
 
 
Figure 2.7: Phenotypic variation in Smaug depressus. A. S. depressus (‘laevigatus’ 
morph) from the type locality. B. S. depressus (typical spotted morph) (photos by E.L. 
Stanley) 
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CHAPTER IV:  
PHYLOGENETIC RELATIONSHIPS  
AND BIOGEOGRAPHY OF HEMICORDYLUS 
 
INTRODUCTION 
The Cape Fold Mountains (CFM) are a topologically and ecologically diverse 
range of shale and sandstone formations that runs the length and breadth of South 
Africa’s Western Cape Province. This area is considered to be a hotspot of biodiversity 
and hosts a high number of endemic flora and fauna (Cowling et al., 2009; Linder et al., 
2010). One of these endemics, the Cape cliff lizard, Hemicordylus capensis, is a 
potentially important model organism for understanding patterns of endemism and 
ecological adaptation.  
Hemicordylus capensis is a cordylid lizard that occurs in cool environments at 
high altitudes along the CFM; the species is melanistic, a trait that has been associated 
with adaptation to cold environments in a wide range of ectotherms (Clusella Trullas et 
al., 2007). Unlike the all other melanistic lizards in South-western Africa however, the 
Cape cliff lizard has a broad distribution, occurring across the entire CFM range, and is 
seemingly able to tolerate a large range of climatic conditions (Branch, 1998; Janse van 
Rensburg et al., 2009).  In the southern half of its range, it occupies cool areas on the 
very tops of mountains; in similar climatic conditions as other melanistic heliotherms. In 
the northern half of its range, it is, however, often found in warm lowland environments, 
but then always in association with a specific habitat type. It typically occurs along river 
courses where there are high rock formations on the sides, and is particularly common at 
waterfalls. When occurring away from river courses, it is always associated with huge 
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boulders or cliff faces (Janse van Rensburg, 2009). Although H. capensis is currently 
considered to be a single species, the lowland, northern lizards were originally described 
as a separate species, Zonurus (Hemicordylus) robertsi, in part based on their reduced 
dorsal scales and more gracile appearance (van Dam, 1921). While the validity of H. 
robertsi’s taxonomic status is controversial– it was first relegated to a subspecies of H. 
capensis (Fitzsimons, 1943; Loveridge, 1944), and later synonymized completely 
(Herselman et al., 1992)– recent studies have posited that these northern cliff lizards do 
differ significantly from the southern populations in behavior and ecology, occurring at 
lower altitude and warmer areas and using active thermoregulation on the thermal cline 
on the vertical surfaces of cliffs, ravines and large boulders to tolerate higher 
temperatures (Janse van Rensburg, 2008; Janse Van Rensburg and Mouton, 2009; Janse 
van Rensburg et al., 2009). The authors of these studies suggested that this unusual 
behavior is a possible explanation for the limited armor and reduction in general 
robustness of the “robertsi” animals, as the increased mobility on vertical surfaces that 
results from this bauplan could be beneficial for animals practicing more intensive 
thermoregulation in a three-dimensional environment. 
Despite receiving attention from ecologists and conservation biologists (Eifler et 
al., 2007; Janse Van Rensburg and Mouton, 2009; Van Wyk and Mouton, 1998), the 
evolutionary history of Hemicordylus is poorly understood and this needs to be addressed 
before any further comparative studies can be undertaken. Identifying whether these 
lizards represent one or many species, and recovering the evolutionary history of these 
organisms is therefore essential to understanding the processes that may be driving this 
ecological adaptation. Previous phylogenetic studies using morphological data suggest 
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that the single, wide ranging species that is currently recognized could be divided into a 
number of geographically correlated morphological forms, which may represent up to 
four species (Herselman et al., 1992), and unpublished molecular work also supports the 
hypothesis that cliff lizards may comprise several species across the Cape Fold 
Mountains (M. Cunningham pers. comm.). Additional analysis is therefore warranted to 
clarify the taxonomic status and the evolutionary history of these lizards. Under the 
evolutionary (Wiley, 1978) and general linage (de Queiroz, 1998) species concepts, 
species represent independently evolving metapopulations- that is, a group of individuals 
that share a unified evolutionary trajectory. Incorporating multiple criteria (e.g. 
ecological, morphological and behavioral) to phylogenetic studies can provide a way of 
refining such species delimitations (Rissler and Apodaca, 2007). Our approach here is to 
combine phylogenetic approaches with a limited morphological analysis and Ecological 
Niche Modeling (ENM) techniques to help identify the extent of the H. capensis 
populations genetic and ecological divergence, so as to better inform us of the number of 
species contained in the taxon H. capensis.  Given that previous studies have presented 
behavioral evidence that the northern populations of H. capensis display ecological 
adaptation, this study also aimed to test the levels of similarity and divergence in niche-
space between geographically and morphologically distinct lineages quantifiably using 
the latest environmental niche modeling techniques.  
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MATERIALS AND METHODS 
Taxon Sampling and DNA sequencing 
Ninety-eight specimens of Hemicordylus capensis were collected during a series 
of field seasons between 1995 and 2011. Sampling was designed to represent the full 
extent of the species geographical range and multiple individuals were taken from the 
same locality when possible. The closely related cordylids, Cordylus cordylus, Ninurta 
coeruleopunctatus, Namazonurus campbelli and Hemicordylus nebulosus were chosen to 
serve as outgroup taxa, selected on the basis of a broader multi-locus study of cordylid 
systematics (Stanley et al., 2011). Genomic DNA was isolated from ethanol-preserved 
liver or muscle tissue using Qiagen DNEasy Tissue Extraction Kits (Valencia, California, 
USA) or a salt extraction method. Double–stranded PCR was used to amplify three 
mitochondrial (16S, 12S and ND2) and three nuclear genes (KiF24, PRLR and MYH2) 
with the same primers utilized by Stanley et al. (2011). Amplification of 25 µl PCR 
reactions using was executed using Eppendorf Mastercycler gradient thermocycler; 
amplification of genomic DNA began with an initial denaturation at 95˚C for 2 min 
followed by 95˚C for 35 s, annealing at 52˚C for 35 s, and extension at 72˚C for 150 s for 
32 cycles for mitochondrial DNA and 34 cycles for nuclear DNA. When needed, 
annealing temperatures were adjusted to increase or decrease specificity. PCR products 
were purified with AMPure magnetic bead solution (Agencourt Bioscience, Beverly, 
Massachusetts, USA) and sequenced with either the BigDye_Terminator v3.1 Cycle 
Sequencing Kit (Applied Biosystems, Foster City, California, USA). Sequencing 
reactions were purified with CleanSeq magnetic bead solution (Agencourt Bioscience, 
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Beverly, Massachusetts, USA) and analyzed with an ABI 3710 automated sequencer at 
the Sackler Institute for Comparative genomics in the American Museum of Natural 
History. Each 3′ to 5′ sequences was reverse-complemented and aligned with the 
corresponding 5′ to 3′ sequence and contiguous internal sequences using the program 
Geneious™ (Drummond et al., 2008), with the sequence recovered from this consensus. 
Multiple sequence alignment was performed with the MUSCLE alignment (Posada and 
Crandall, 1998) function in Geneious and the amino acid reading frame visualized to 
check for premature stop codons in the protein-coding sequences. 
Phylogenetic analysis 
We adopted a pluralistic approach for phylogenetic analysis, performing separate 
analyses with three commonly employed optimality criteria, Maximum Parsimony (MP), 
Maximum Likelihood (ML) and Bayesian Inference (BI). Analyses were performed on 
both the concatenated total dataset, the nuclear genes only and the mitochondrial genes. 
MP analyses were run in TNT (Goloboff et al., 2008) with 1000 random addition 
replicates, tree bisection-reconnection (TBR) branch swapping, zero-length branches 
collapsed to yield polytomies, and gaps treated as missing data. Each base site was 
treated as an unordered character with four alternate states, corresponding to the four 
DNA nucleotide bases. For the ML and BI analyses, the data were partitioned by gene 
and the most appropriate model of evolution for each partition was identified using 
Akaike information criterion in JmodelTest (Posada, 2008; Posada and Crandall, 1998). 
The ML analyses were performed using GARLI v2.0 (Zwickl, 2006) . Phylogenetic 
robustness was estimated in the MP and ML analyses by running 1000 random addition 
bootstrap replicates (Felsenstein, 1985). Strict consensus trees were calculated for 
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bootstrap repetitions that recovered multiple equally parsimonious trees. The BI analyses 
were conducted using MrBayes 3.1 (Huelsenbeck and Ronquist, 2003) with default 
priors. Two runs were performed for 10,000,000 generations and the Markov chains were 
sampled every 1000 generations. If adequate convergence had not occurred after ten 
million generations, additional generations were run until the average standard deviation 
of split frequencies was less than 0.01. Tracer v1.5 was used to plot the log likelihood 
score against generation to identify the convergence point and the burn-in was discarded. 
Topological convergence was tested for using the program Are We There Yet (Nylander 
et al., 2008). Nodes that returned clade posteriors above 0.95 were considered 
significantly supported.  
Morphological analysis 
In order to explore the morphological variation within Hemicordylus capensis I 
performed a principal component analysis on a series of measurements from ten 
Hemicordylus capensis specimens from across the CFM and one Hemicordylus 
nebulosus. Whole, preserved specimens were scanned using a Nano-focus GE phoenix 
v|tome|x s240 x-ray CT machine at the American Museum of Natural History’s 
Microscopy and Imaging Facility. The resolution of the scans ranged from 85-
53µm/voxel. The following osteoderm and skeletal elements were reconstructed 
separately for every scan, so as to facilitate the recovery of morphological measurements: 
whole skeleton, postcranial skeleton, all osteoderms, dorsal osteoderms (from the 
posterior edge of the post parietals to the posterior aspect of the hind limbs on the dorsum 
between the lateral folds), ventral osteoderms (from the chin shield to the cloaca on the 
ventral side between the dorsal folds), caudal osteoderms, and leg osteoderms. A number 
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of linear measurements pertaining to body shape were also collected from the CT scans. 
Twenty volumetric and linear measurements of these areas were recorded and converted 
to ratios to ameliorate the influence of body size (Table 3.3). All cordylids possess 
osteoderms fused to their skull, which proved to be very difficult to digitally remove with 
any degree of consistency, and so measurements of osteoderm volume were corrected for 
size using the postcranial skeleton volume data. The principal component analysis was 
performed using the prcomp command in R. 
Ecological Niche Modeling 
An environmental niche model was produced using all Hemicordylus capensis 
localities and, following the recovery of a number of well-supported lineages by the 
phylogenetic analyses, I built a series of ENMs to test whether these genetically divergent 
groups are occupying similar environmental niches, or have divergent ecological 
preferences (Rissler and Apodaca, 2007). A dataset of 160 locality records of H. capensis 
was compiled from the authors’ collection records, biological surveys from the South 
African Reptile Conservation Assessment (SARCA) database and records from the 
Museum of Comparative Zoology (Cambridge, Massachusetts), the Bayworld Museum 
(Port Elizabeth, South Africa), the Iziko Museum (Cape Town, South Africa), and the 
Ditsong Natural History Museum (Pretoria, South Africa). As ENM analyses can be 
sensitive to incorrect or inaccurate locality information (Graham et al., 2008), these 
coordinates were then checked using Google earth; Hemicordylus capensis is 
unquestionably obligatory rupicolous, living on large boulders, ravines and cliffs, and so 
any locality that did not appear to have suitably rocky habitat at or nearby the coordinates 
was removed. When all questionable coordinates had been discarded, 120 records 
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remained, representing 82 unique localities (locality records were resampled to a 
resolution of 1 km2 in order to remove duplicate records in the same grid cell), from 
across the range of Hemicordylus capensis. Due to the clear geographical partitioning of 
the lineages from the molecular analysis, I was able to assign these localities to one of 
five lineages with a degree of confidence. Of these unique localities, 16 were assignable 
to clade A, 17 to clade B, 20 to clade C, 15 to clade D2 and 14 to clade D3 (Figure 3.1). 
Clade D1 was comprised of individuals from a single locality and was therefore not 
included in the ENM analysis.  
As Hemicordylus capensis is known to occur at high altitude areas that are subject 
to low temperatures and high amount of cloud cover, and in topologically complex 
environments, I restricted the ecological variables to those that represented temperature, 
precipitation and topological relief. I assembled a series of environmental layers relating 
to climate from the Worldclim database (http://www.worldclim.org) and a series of 
topological layers were generated from the US Geological Survey’s HYDRO1K database 
(http://edcdaac.usgs.gov/gtopo30/ hydro/index.asp). A correlation analysis was run using 
the “cor” function in R and the most biologically relevant variable retained for highly 
correlated layers, producing a final set of 19 climatic and topological variables (table 
3.1).  Correlation values for the remaining environmental layers ranged from 0.81 to -
0.92. While several of the Bioclim layers did display high a correlation, the biological 
impact these environmental variables must have on the distribution of these lizards may 
justify retaining them all for the analysis. It is worth noting that Maxent is not negatively 
affected by including correlated variables, unlike some statistical approaches, though it 
does mean that interpretation of variable importance measures is more difficult (Phillips 
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et al., 2004). All environmental layers were resampled to the WGS1984 Transverse 
Mercator projection at 1km2 resolution and were cropped to a latitudinal range of -30.0º 
to -34.0º and a longitudinal range of 17.0º to 27.0º using ArcMap.  
Ecological Niche Modeling was carried out using Maximum Entropy Species 
Distribution Modeling software, version 3.3.3. This program uses point data (known 
localities) and a series of environmental raster layers to estimate the geographical 
distribution of suitable climatic conditions for a group of organisms (see Phillips et al., 
2006 for a more detailed explanation). Individual ENMs were produced for lineages A-E, 
as well as increasingly inclusive monophyletic groups, and for all H. capensis combined. 
ENMs were also produced for the two morphotypical groups (the gracile, weakly 
armored northern forms- clade B, and the more robust southern forms, comprising clades 
A, C, D2 and D3). In order to test the predictive power of the models, a series of k-fold 
partitioned runs were performed, removing a subset of the locality data, and measuring 
the probability model created from the reduced dataset’s ability to predict the omitted 
records. Five repeats were run per model, with 80% of the data used to build the ENM 
and then tested to see how well this model was able to predict the remaining 20%. The 
relative importance of the environmental variables were analysed via jackknifing in 
Maxent. As with the variable jackknife, variable contributions should be interpreted with 
caution when the predictor variables are correlated. Additionally, the area under the 
receiver operating characteristic curve (AUC) was recorded for each model as a further 
test of the model’s predictive power.  
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In order to more easily delineate suitable and non-suitable habitat for the various 
models, a threshold of occurrence was set for each of the linages to be 10th percentile 
training presence, which corresponds to the lowest probability value encountered when 
10% of the outlier occurrence points are omitted. This threshold was chosen to ameliorate 
the effect of any ecological outliers which result from inaccurate records, resolution 
issues in the prediction layers, sink populations or possibly the odd population that was 
using unusual microhabitat to improve their ability to cope with suboptimal 
environmental conditions.  
Following the construction of statistically robust ENMs for the five lineages, a 
series of statistical analyses aimed at quantifying the similarity of the various ENMs were 
run using the Maxent-based program ENMtools (Warren et al., 2010). Niche similarity 
was tested using both the identity tests (which analyzes whether the ENM of two 
populations are identical) and the more rigorous background test (which determines 
whether ENMs of two populations are more similar than expected by chance, given the 
available niche-space for the geographical regions in which they reside). For the identity 
test, the georeferenced data points for a pair of populations are combined, the identities of 
these data points randomized, and two new population samples created that have the 
same sizes as the two original samples. These randomized populations are then 
subsampled and used to produce new ENMs, and the predicted suitability scores 
generated by Maxent from each population used to calculate niche similarity indices, 
which are then tested against the original niche similarity index for the two unmodified 
populations. The background test generates a null distribution for the ENM difference 
expected between a population and occurrence points placed at random within the range 
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of another population. If the observed values of niche similarity obtained from the two 
original populations differ significantly from this null distribution, the null hypothesis 
that similarity between species is no more than expected based on the availability of 
habitat is rejected (Warren et al., 2008). The random locality points for the background 
test were generated in ArcMap using the random points tool, constrained to a convex hull 
produced from the locality records of the five populations, the analysis run in ENMtools 
using the same 14 environmental layers as the previous analyses, and the output data 
analyzed in Excel and R. 
RESULTS 
Edited, aligned sequences yielded the following single-gene sequence data: 12S 
(393 base-pairs [bp]), 16S (578 bp), ND2 (942 bp), PRLR (445 bp), Kif24 (579 bp) and 
MYH2 (739 bp). In turn, I generated three aligned sequence concatenations, creating 
mitochondrial, nuclear and all-genes data sets of 1,913, 1,763 and 3,676 nt, respectively. 
The percentage identical sites and DNA substitution models used in BI analyses are listed 
by gene in Table 3.2. I was able to recover all six genes for the majority of the dataset, 
however degraded DNA in some of the older tissue meant that I was unable to recover 
nuclear sequences for a number of taxa from across the species’ range.  
Phylogenetic analysis. 
Significant genetic structure was seen in Hemicordylus capensis, with five 
geographically distinct populations being consistently recovered by all three datasets 
(Figure 3.2). When the total dataset was analysed, MP analysis recovered five optimal 
trees (2533 steps) and the ML analysis recovered an optimal tree with a likelihood of -
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20041.625239. The total and mitochondrial datasets were well resolved and topologically 
similar. In both datasets, the inland mountain chain comprising the Swartberg, 
Kamanassieberg and Kouga mountains was returned as the earliest diverging clade (clade 
A). The individuals from the northern Cedarberg, Giffberg and Orlagskloof were the next 
most divergent clade (clade B), followed by a clade comprising the Langeberg animals 
(clade C). The members of clade D had a wide distribution, occurring from the central 
Cedarberg to the Hottentot Hollands Mountains and Riviersonderend national park 
(Figure 3.3). The taxa from the easternmost part of clade A were returned as closely 
related, with the individual from the Kouga mountains (PCBK1) clustering with the 
individuals from the Kammanassie (AMNH25369 and Pc3322DB) and the proximal 
eastern Swartberg range (PEMR16378), though the latter taxon relationship to this clade 
was poorly supported in all analyses.  The relationships between the members of clade A 
were poorly supported.  The individuals from clade B were divided into a southern clade 
(AMNH25448-50 from Matjiesrivier nature reserve, and MH0740 from the Tafberg) and 
a northern clade (AMNH26333-34, AMNH26347-48, SU1, QQ0279 and MH314 from 
the Gifberg and surrounding areas), although support for these clades was low in all 
analyses. The relationships within clade C had low support under all analyses, though the 
specimens from the westernmost extent of the Langeberg (MH0862, 875 and 878) were 
recovered as sister to the remaining Langeberg individuals under all optimality criteria. 
Clade D contained three subclades, with little resolution of the relationships between 
them: D1 contained three individuals from a single site in the Matroosberg, D2 comprised 
individuals from across the greater Cedarberg and D3 encompassed the individuals from 
the Hottentots Holland and Boland Mountains. These three clades were returned as a 
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polytomy in MP and ML analyses, while the BI analysis, returned clades D1 and D2 as 
more closely related to each other than to D3. The nuclear only dataset was poorly 
resolved and, while the optimal trees for MP, ML and BI analyses recover the same 
major clades discussed above, the relationships between and within them were poorly 
supported.   
Ecological Niche Modeling 
The Ecological niche model produced from all Hemicordylus localities reveals 
substantial breaks in suitable habitats between the Swartberg-Kouga, Langeberg, 
Cedarberg, Giffberg, Olifantsrivier and Hottentots Holland’s mountains (Figure 3.4), 
most of which correspond closely to genetic breaks in Hemicordylus capensis. No area of 
unsuitable habitat is recovered between the northern and southern Cedarberg, despite 
significant genetic divergence between the populations in these two areas. Despite a 
degree of overlap (table 3.4), the ENM coverage of each of the lineage models covered a 
significant amount of unique areas (Figure 3.4). All but one of the p-values for the 
various ENM five-fold random test partitions were significant at the 10th percentile 
training presence, the training omission rates were between 0 and 0.91 (mean = 0.027) 
and test omission rates ranged between 0 and 1 (mean = 0.17). The mean AUC for all 
ENMs were between 0.97 and 0.99, suggesting a high discriminatory ability for the 
models (Swets, 1988). Overall, the bioclimatic layers provided a greater percentage 
contribution to the niche models than the topological layers, with annual mean 
temperature, mean temperature of warmest quarter, max temperature of warmest month, 
precipitation of coldest quarter and precipitation seasonality (coefficient of variation) 
consistently being recovered as contributing most to the model. Of the topological layers 
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used, slope and eastness had consistently higher relative contributions to the Maxent 
model than northness, solar radiation or curvature.  
As is to be expected, the model constructed from all the H. capensis locality data 
produced the ENM with the largest predicted area (Table 3.5). Of the remaining clades, 
the Langeberg populations (lineage C) produced the ENM with the largest predicted area, 
encompassing much of the Swartberg and Kouga mountains (the ranges that contained 
animals from lineage A). Conversely, the model constructed using the locality data of 
lineage A did not predict many ecologically suitable areas in the Langeberg. The northern 
and southern Cedarberg lineages display a degree of shared suitable climatic habitat at 
the center of the range, though northern lineage’s ENM recovers suitable habitat for a 
number of the southern lineages’ known localities, while the southern Cedarberg 
populations ENM does not predict suitable habitat for the northern lineage’s localities. 
Dividing the locality records by morphotype reveals a split in the distribution of the 
gracile northern forms and the more robust, southern forms that broadly follows the path 
of the Grootrivier, though suitable habitat is predicted for both forms on either side of this 
divide and overlap score for the ENMs is high (Schoener’s D = 0.8013)  
The ENM-tools identity tests reveal that no two of the four major clades share 
identical niches (Figure 3.5). When the background test (a more rigorous measure of 
niche divergence) was applied to the population pairs, the majority of the combinations 
were unable to reject the null hypothesis of occupying similar niches. The background 
tests did reveal that the known localities of clade B (the gracile, northern Cedarberg 
clade) were predicted by the other two Western clades (D2 and D3) less than they would 
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have been by chance, and the southeastern populations from the Langeberg (D2) and 
Southern Cedarberg) were shown to be not predicted by the Hottentot-Hollands mountain 
population (D3).  
Morphological analysis 
CT-scans of the 11 Hemicordylus specimens revealed a noticeable difference in 
the amount of dorsal and limb osteoderms present in the individuals from the northern 
clade (B), while no consistent differences in morphology were immediately apparent 
between the remaining clades (Figure 3.6). The first two principal components accounted 
for 66.8% of the variation in the dataset (PC1 = 50.04%, PC2 = 16.8%). The highest 
loadings on PC1 were total corrected osteoderm volume, dorsal-caudal osteoderm 
volume ratio and corrected dorsal osteoderm volume. The highest loadings on PC2 were 
corrected humerus length, corrected ulna length, corrected femur length and corrected 
fibula length. Despite the limited sampling, the individuals from population B were clear 
outliers in the first principle component (Figure 3.7). 
DISCUSSION 
Recent geological analysis has revealed the Cape Fold Mountains to be a uniquely 
ancient and topologically complex system (Scharf et al., 2013), so it is not surprising that 
the rupicolous lizards that occupy the area display a high degree of isolation and 
divergence. The genetic structure seen in Hemicordylus capensis is consistent with that 
seen in other squamate groups occupying the Cape Fold Mountains. In particular, 
Cordylus cordylus and Cape Fold gecko genera Afrogecko, Pachydactylus and Goggia all 
display similar patterns of distribution and genetic divergence within the CFM (Daniels et 
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al., 2004). In particular, the genetic distinctiveness of the lineages on the Swartberg and 
Kouga Mountains and the close relationship between the Cedarberg and Hottentot 
Hollands Mountains are common patterns within all these groups (Branch, 1998, W.R. 
Branch and A. M. Bauer, pers. com.).  
The Ecological niche model of the entire Hemicordylus capensis datatset reveals 
significant breaks in suitable habitat between all but two of the major clades recovered by 
our phylogenetic analysis. This strongly suggests that the clades are evolving in isolation 
from each other. The only clades that do not display a clear break in suitable ENM space 
are clades B and D, which, at the confluence of their ranges, are distributed in an area of 
unbroken suitable habitat. The ranges of these two clades meet at the TweeRivier valley, 
a narrow grassy basin that runs east-west across the Cedarberg, which is recovered as 
suitable habitat by the ENM analysis, but presumably represents a barrier to dispersal for 
Hemicordylus- possibly due to a lack of suitable retreat sites. The ENM of the lightly 
built northern clade recovers suitable habitat in the southern Cedarberg, but the southern 
Cedarberg clade’s ENM does not predict much suitable habitat in the northern forms 
range, suggesting that the Northern forms are able to occupy a broader range of habitats. 
This result is corroborated by the background tests performed in ENM Tools. The 
unidirectionality of these results suggests that the southern populations occupy an 
ecological niche this is suitable for the northern populations but the reverse is not true; 
the northern populations are occupying an expanded ecological niche that the other 
geographically proximal populations of H. capensis are unable to utilize. Janse van 
Rensburg et al. (2009) proposed that the Northern Hemicordylus capensis populations 
were able to occupy areas outside the typical range of melanistic lizards by utilizing 
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specific, localized habitat types (river gorges, waterfalls and with huge boulders or cliff 
faces) that provide ample shade, an altitudinal range of perching options and the presence 
of water, all of which could allow for effective thermoregulation by this melanistic 
species under excessively warm conditions. If, as is suggested by the results of Janse Van 
Rensburg and Mouton (2009), the northern populations are practicing much more active 
thermoregulation than the southern populations, the loss of armor and gracile appearance 
seen the northern forms may be an adaptation to this warm environment. 
The morphological, ecological and genetic divergences of the northern 
Hemicordylus capensis provide multiple lines of evidence that these populations 
represent an evolutionary lineage distinct from the Southern Cedarberg, Langeberg and 
Hottentot Holland populations. As such, it represents a valid species under evolutionary 
and general lineage species concepts. While they lack the morphological distinctiveness 
of the northern forms, the other major clades recovered by the phylogenetic analyses are 
all allopatric and separated by significant gaps in suitable habitat, as evidenced by the 
ENM analysis. This suggests that there is little migration occurring between these areas, 
and that clades A, C and D2 and D3 also represent valid species. The phylogenetic 
position of the individuals from the Matroosberg (D1) was poorly resolved, but BI 
analysis returned them as sister to the rest of the Cedarberg individuals. Given the 
phylogenetic and geographic proximity of clades D1 and D2, and the fact that the 
Matroosburg is encompassed within clade D2’s ENM, I suggest that the two clades be 
assigned to a single species. Cordylus (Hemicordylus) capensis was described by Smith 
(1838) from the Hottentots Hollands Mountains and so, upon revision, clade D3 will 
retain the name Hemicordylus capensis, Hemicordylus robertsi will be resurrected and 
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allocated to clade B and clades A, C and D1+2 will be described as new species. These 
new taxa will be described in the publication associated with this chapter. Previous 
morphological analysis of H. capensis failed to recover diagnostic characters for 
geographically isolated groups, however, the distribution of these groups does not 
correspond to the distribution of the clades recovered by our analysis and a 
morphological reassessment may well return diagnostic characters for each group. 
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Table 3.1: Information on the gene length, variation and models used in the molecular 
analysis Models.  
Gene 16S 12S ND2 PRLR Kif24 MYH2 
Length 578 393 942 445 579 739 
Model HKY + I + G GTR+I+G GTR + I+G 
GTR + I + 
G 
GTR + I + 
G GTR + I + G 
Identical 
sites 79.2% 75.8% 61.8% 78.4% 82.0% 80.6% 
 
 
Table 3.2: Environmental variables used in the ENM analyses.  
Environmental variable  Data Source 
1 Annual Mean Temperature WorldClim (Hijmans et al., 2005)  
2 Isothermality WorldClim (Hijmans et al., 2005) 
3 Temperature Seasonality (standard deviation *100)  WorldClim (Hijmans et al., 2005) 
4 Max Temperature of Warmest Month WorldClim (Hijmans et al., 2005) 
5 Min Temperature of Coldest Month WorldClim (Hijmans et al., 2005) 
6 Temperature Annual Range WorldClim (Hijmans et al., 2005) 
7 Mean Temperature of Warmest Quarter1 WorldClim (Hijmans et al., 2005) 
8 Mean Temperature of Coldest Quarter1 WorldClim (Hijmans et al., 2005) 
9 Precipitation Seasonality (Coefficient of Variation) WorldClim (Hijmans et al., 2005) 
10 Slope12 US Geological Survey HYDRO1k DEM 
11 Curvature US Geological Survey HYDRO1k DEM 
12 Winter Solar radiation13 US Geological Survey HYDRO1k DEM 
13 Aspect: Eastness14 US Geological Survey HYDRO1k DEM 
14 Aspect: Northness‡ US Geological Survey HYDRO1k DEM 
 
 
 
 
 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
12 Values for curvature and slope were generated from the HYDRO1K DEM layer using 
the Surface Spatial Analyst tools in ArcMap. 
13 Values for Winter solar were generated from the HYDRO1K DEM layer using the 
Surface Spatial Analyst tool in ArcMap with an aspect value of 25. 
14 Values for Easness and Northness layers were generated from the HYDRO1k aspect 
layer using the following transformations using the Raster Calculator tool in ArcMap: 
Eastness = Con ( [Aspect] == - 1, 0, Sin([Aspect] * 3.14159 / 180)), Northness = Con ( 
[Aspect] == - 1, 0, cos([Aspect] * 3.14159 / 180)). 
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Table 3.3: Morphological measurements used in this study. 
Character definition 
Osteoderms volume total osteoderm volume / postcranial volume 
Caudal osteoderm volume caudal osteoderm volume / postcranial volume 
Dorsal osteoderm volume dorsal osteoderm volume / postcranial volume 
Ventral osteoderm volume ventral osteoderm volume / postcranial volume 
Limb osteoderm volume leg osteoderm volume / postcranial volume 
Dorsal-caudal osteoderm ratio dorsal osteoderm volume / postcranial volume 
% dorsal osteoderms dorsal osteoderm volume / total osteoderm volume 
% Caudal osteoderms caudal osteoderm volume / total osteoderm volume 
% ventral osteoderms ventral osteoderm volume / total osteoderm volume 
% leg osteoderms leg osteoderm volume / total osteoderm volume 
Corrected Femur length femur length  / Snout Vent Length 
Corrected fibula length fibula length / Snout Vent Length 
Corrected humerus length humerus length / length / Snout Vent Length 
Corrected ulna length ulna length / Snout Vent Length 
Corrected 4th toe length medial aspect of the metatarsal to tip of distal phalanx   
/ Snout Vent Length 
Corrected 4th finger length medial aspect of the metacarpal to tip of distal phalanx  
/ Snout Vent Length 
 
 
Table 3.4: Schoener’s D overlap scores for ENMs of the five clades 
 
Clade A Clade B Clade C Clade D2 Clade D3 
Clade A 1.0000 0.0657 0.3849 0.1401 0.0417 
Clade B - 1.0000 0.2091 0.3333 0.1035 
Clade C - - 1.0000 0.2112 0.1057 
Clade D2 - - - 1.0000 0.1128 
Clade D3 - - - - 1.0000 
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Table 3.5: Spatial and statistical information from Environmental Niche modeling. 
Population Area  predicted 
area (km2) 
Variable with the 
greatest contribution to 
the model  
Most important permuted 
ecological variable 
H. capensis Cape Fold 
Mountains 
33,335 Precipitation of Coldest 
Quarter (40%) 
Precipitation of Coldest 
Quarter (81.5%) 
Clade A Swartberg, 
Kammanassie and 
Kouga Mountains 
3,487 Mean Temperature of 
Warmest Quarter 
(50.1%) 
Precipitation Seasonality 
(69.2%) 
Clade B15 Northern Cedarberg 
and Orlagskloof 
6,661 Precipitation of Coldest 
Quarter (27.8%) 
Isothermality (52.6%) 
Clade C Langeberg 10,837 Precipitation 
Seasonality (33.3%) 
Temperature Annual 
Range (39.4%) 
Clades D  Southwestern CFM 5,101 Max Temperature of 
Warmest Month (47%) 
Precipitation of Coldest 
Quarter (85.4%) 
Clade D2 Cedarberg 8,459 Annual Mean 
Temperature (39.7%) 
Precipitation of Coldest 
Quarter (59.9%) 
Clade D3 Hottentots Holland 
and Bolland Mts 
379 Precipitation of Coldest 
Quarter (53%) 
Annual Mean 
Temperature (37.1%) 
Clades B-D Coastal CFM  30,620 Precipitation of Coldest 
Quarter (36.7%) 
Precipitation of Coldest 
Quarter (41.1%) 
Clades C-D Southern and 
southwestern 
coastal CFM  
11,568 Precipitation of Coldest 
Quarter (35.4%) 
Precipitation of Coldest 
Quarter (62.5%) 
Clades A, C 
and D16 
Inland and 
southwestern- 
western coastal 
CFM 
13,370 Mean Temperature of 
Warmest Quarter  
(36.6%) 
Precipitation of Coldest 
Quarter (66.5%) 
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15 Gracile forms 
16 Robust forms 
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Figure 3.1: A digital elevation map of the Western Cape showing the localities of 
Hemicordylus capensis used in the niche modeling analyses (lineage A = red, B = blue, C 
= green, D1 = orange, D2 = yellow and D3 =turquoise). 
! 147!
 
! 148!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Maximum likelihood phylogram of Hemicordylus capensis recovered from 
six genes. Values above the branches represent MP and ML bootstraps, values below the 
bar represent posterior probabilities. Clades A, B, C, D1-3 discussed in the text. 
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Figure 3.3: Maxent based projection of suitable habitat calculated from all occurrences 
of Hemicordylus capensis. Cells with a relative suitability index lower than the 10th 
percentile training presence (=0.28) are shaded. Colored circles represent known 
localities of Hemicordylus capensis belonging to clade A (red), clade B (blue), clade C 
(green) clade D1 (orange), D2 (yellow) and clade D3 (turquoise). 
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Figure 3.4: Ecological niche models for clades A-D thresholded at the 10th percentile 
training presence (lineage A = red, B = blue, C = green, D2 = yellow and D3 =turquoise). 
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Figure 3.5: ENMTools identity (top right) and background (bottom left) test results for 
the various clade pairs. For the identity test, the Blue bars = frequency of Schoener’s D 
values using a randomized combination of points from the clade pairs. Red arrow shows 
Schoener’s D value for actual ENM overlap. If the overlap value for the actual ENMs is 
lower than value from the perturbed data, the null hypothesis that the two ENMs are 
identical can be rejected. For the background tests, occurrence points for one clade are 
compared to points drawn at random from the environmental background of the 
corresponding clade (red bars and blue bars). If the observed overlap (red arrow) is lower 
than expected under the null hypothesis the species are more divergent than expected 
based on the available habitat. 
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Figure 3.6: HRCT scans showing variation in osteoderm arrangement between the five 
Hemicordylus capensis clades. Osteoderms are represented in blue.  
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Figure 3.7: Principle component analysis (PCA) of 16 morphometric measurements from 
ten selected H. capensis individuals. The X-axis explains 50.04% of the variation and the 
y-axis explains 16.8%. Total variation explained by the first two principal components is 
66.8%.        = Population A,       = Population B,        = Population C,        = Population 
D2,        = Population D3 
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CHAPTER V 
ECOMORPHOLOGICAL DISPARITY AND ADAPTIVE RADIATION IN 
THE CORDYLIDAE 
 
INTRODUCTION 
The process of adaptive radiation (evolution of ecological and phenotypic 
diversity within a rapidly multiplying lineage) has produced some of the most remarkably 
varied systems in evolutionary biology. While the archetypal examples– Darwin’s 
finches, African rift lake cichlids, Anole lizards of the greater Antilles etc., –are well 
known and widely studied, many equally striking radiations exist in understudied systems 
(Losos and Mahler, 2010). Indeed, adaptive radiation is often considered to be a principle 
driver of biological diversity (Ridley, 2004; Schluter, 2000; Simpson, 1944; Simpson, 
1953), although this view is far from universally accepted (Harmon et al., 2010). Despite 
the prolonged and intensive research into this process and its overwhelming importance 
in shaping the diversity of life on this planet, quantifying and diagnosing adaptive 
radiations remains complex and controversial. In a recent synthesis of the field, Glor 
(2010) identifies three key features of adaptive radiations: Firstly, adaptive radiations 
occur at a macroevolutionry level, rather than within species, and involve a single 
diversifying lineage, rather than assembly of communities composed of descendants from 
multiple, evolutionarily distinct lineages. Secondly, these lineages must display a degree 
of adaptation to different environments and, thirdly, may be described as exhibiting 
“extraordinary diversification”. This final quality has no fixed definition and is the source 
of much of the controversy surrounding what constitutes adaptive radiation (Losos and 
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Mahler, 2010; Schluter, 2000). If one considers adaptive radiation as a process, i.e. the 
accumulation of phenotypic and ecological diversification accompanying a series of 
cladogenic events, then the resultant diversity of this process almost certainly represents a 
continuum, from entirely non-adaptive radiations on one end (e.g. plethodontid 
salamanders (Kozak et al., 2006), monarch flycatchers (Price, 2008), Southern African 
Agama, etc.) to the spectacular examples of extraordinary diversity represented by the 
model systems examples on the other (Darwin’s finches, Greater Antillean Anoles etc. 
(Grant, 1998; Losos, 2010). Delimiting continuums is a controversial practice in many 
aspects of evolutionary biology (see de Queiroz, 1998) and some argue that the term 
adaptive radiation should be reserved for examples of extraordinarily rapid or prolific 
diversification (Losos and Mahler, 2010) while others suggesting adaptive radiation 
simply represents divergence of related species into a variety of distinct ecological roles 
and does not need to display extreme diversification (Givnish, 1997). Although I agree 
with the later approach conceptually, the more pragmatic approach studying such 
phenomena would be to focus the extreme ends of the spectrum, as these may exhibit 
clear patterns and may be a more efficient means to understand the processes involved in 
adaptive radiations. 
Many of the archetypical “extraordinary diversifications” are associated with 
rapid cladogenic events. Under the model proposed by Simpson (1953), increased 
ecological opportunity (through colonization of novel areas, introduction of novel 
resources, extinction of competitors/predators or the evolution of a key innovation) 
results in a burst of diversification (taxonomically, phenotypically, or some combination 
of the two) associated with access to new dimensions of ecological space, followed by a 
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reduction in diversification as these opportunities are filled. Extraordinary diversification 
can be diagnosed in these cases by identifying rapid bursts of diversification during the 
course of a single clade’s history. Although this is commonly used in to paleontological 
datasets (Brusatte et al., 2008), recent methodological advances in fossil-calibrated, dated 
phylogenies have allowed the identification of periods of rapid cladogenesis in systems 
that do not possess a comprehensive fossil record (Hipsley et al., 2009; Townsend et al., 
2011c). However, rapid accumulation of lineages by itself does not equal adaptive 
radiation; this cladogenesis has to be accompanied by increased morphological diversity, 
and this diversity has to be tied to an increase in fitness across a range of environments. A 
challenging aspect of studying such radiations, therefore, is the necessity for a synergistic 
approach that incorporates ecological, morphological and phylogenetic information into a 
single analysis. Candidate models for studying the “extraordinary diversification” end of 
the adaptive radiation spectrum need to display quantifiable morphological variation, and 
this variation has to represent an adaption to different environmental niches. This 
variation needs to exist within a single lineage and develop during a period of rapid 
cladogenesis. Finally, these systems should be extraordinarily diverse relative to closely 
related clades, allowing comparisons among clades rather than longitudinal studies within 
a given clade. Ideally, comparisons should be made between sister groups (which are the 
same age by definition).  
The recent development of analytical software that allows morphological 
diversity (disparity) to be analyzed in a phylogenetic framework has led to an increase of 
studies that focus on the relationship between morphological disparity, species diversity 
and ecology (Burbrink et al., 2012; Harmon et al., 2003; Mahler et al., 2010; Sidlauskas, 
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2008; Smith et al., 2011).  These studies often employ powerful statistical analyses to 
investigate evolutionary radiations, and yet often 1) utilize phenotypes that have an 
unclear or peripheral association with ecology or 2) rely on a few simplified 
measurements to represent complex phenotypes; Slater et al. (2010) for example used 
total body length as a proxy for cetacean morphotype. Here I propose a novel organismal 
system for studying adaptive radiation that possesses quantitative phenotypes that have 
clear ecological correlations, which will take full advantage of these new analytical 
approaches. 
A new model system 
The Cordylidae is a relatively small (82 named taxa) but ecologically diverse 
family of African lizards. Although many cordylid species display a generalized lizard 
bauplan, the family also contains a range of highly derived forms, including attenuate, 
serpentiform grass swimmers, giant spiny fossorial forms, and extremely dorso-ventrally 
flattened crevice-dwelling specialists (Figure 4.1). All cordylids possess 
osteoderms (ossified structures embedded in the skin) and there is remarkable variation in 
extent and arrangement of this dermal armor across the various lineages of the family. 
The degree and distribution of armor is clearly linked to the ecology of these organisms. 
Losos et al. (2002) reported a strong relationship between degree of body armature and 
habitat use: when threatened, heavily armored species always entered refuges after short 
distances, while many unarmored lizards continued to flee and often could not be induced 
to enter a refuge. Mouton and Flemming (2001) suggested that the degree of armor 
displayed by the Cordylidae was driven by predator type, as the lightly armored forms are 
often located in areas with a high degree of avian predators. Armor is ineffective against 
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birds of prey, and the increase in mass and reduction in flexibility associated with being 
covered in osteoderms serves to reduce sprint speed.  When faced with avian predators, a 
speedy retreat is probably the best means of escape and a lightly armored, long legged 
form preferable. Armor is, however, highly effective against other predators, especially 
those that can extract lizards from their shelters during times of inactivity. Possession of 
armor was also negatively related to use of vertical surfaces during escape behavior 
(Eifler et al., 2007).   
A recent molecular-based phylogenetic analysis of the group revealed evidence 
that one of the two cordyline subfamilies, the viviparous Cordylinae, underwent a period 
of rapid cladogenesis early in its evolution, diversifying into a series of morphologically 
and ecologically distinct groups (Stanley et al., 2011). Each clade occurs in a specific 
habitat type, and there appears to be a strong correlation between morphology 
(particularly osteodermal arrangement) and ecology. The concentrated period of  
“extraordinary diversification” suggests that the Cordylinae are on the extreme end of the 
adaptive radiation continuum, and indicates that the Cordylidae may be an ideal system 
for studying such evolutionary phenomena (Losos and Mahler, 2010). Others have 
suggested that the Platysaurinae represents an adaptive radiation (Branch and Whiting, 
1997). This chapter will seek to test the hypotheses of Stanley et al. (2011) in a 
quantitative and statistical framework. 
Chapter two of this thesis employed a relaxed-clock Bayesian analysis to infer the 
dates of the Cordyline radiation and other important divergences within the family. The 
Cordylinae was recovered as radiating around the Oligocene-Miocene boundary, possibly 
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as a result of rapidly shifting climatic conditions. This chapter aims to test whether this 
period of taxonomic diversification was accompanied by an increase in morphological 
and ecological disparity, as would be seen in an adaptive radiation. If, as chapter two 
hypothesized, the shifting temperatures of the late Oligocene provided the cold-adapted, 
viviparous cordylines with increased levels of ecological opportunity, the morphological 
and ecological diversification of this clade is likely to be elevated during this period as 
lineages expand into new niches and adapt, decreasing later as niches become saturated. 
This variation in ecological and morphological variation will be contrasted with the 
cordyline sister clade, the Platysaurinae. 
The impressively diverse armor exhibited by the Cordylidae may be an ideal trait 
to measure phenotypic disparity. Quantifying this variation has proved difficult in the 
past, with measurements of specific spine lengths or binary presence/absence records 
failing to capture the diversity of the group (Herselman, 1991; Janse van Rensburg, 2009; 
Losos et al., 2002) and traditional skeletonizing techniques may result in the loss of 
positional information for osteoderms and have been shown to fail to capture delicate 
osteological features entirely (e.g. the parafrontal bones of spaerodactyline geckos- see 
Gamble et al., 2008). As osteoderms have a similar density to skeletal bone, they 
attenuate x-rays to the same degree and the three-dimensional distribution of osteoderms 
are hard to visualize using 2D x-rays. High-resolution computer tomography X-Ray 
technology has proved to be a powerful tool for visualizing osteoderms in situ (Bever et 
al., 2005; Bhullar, 2011; Maisano et al., 2002) and presents a solution to the issues of 
quantifying dermal armor variation in the Cordylidae. Quantifying ecological variation in 
the Cordylidae also presents some problems; while the geographic distributions and life 
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histories of the subfamilies clearly suggest a divergence in climatic niche from the 
viviparous, temperate cordylines and the oviparous, subtropical platysaurs, non-climatic 
factors like substrate, vegetation cover and crevice availability may be as or more 
important to division of niche-space in the various cordylid lineages (Branch, 1988; 
Broadley, 1964; Broadley, 1966; Broadley, 1978; Cooper et al., 2000; Eifler et al., 2007; 
Jacobsen, 1989; Janse Van Rensburg and Mouton, 2009). Unfortunately the majority of 
the cordylid species lack quantitative ecological data, and so only broad qualitative 
habitat characters can be employed for this study.  
A commonly employed technique for recovering patterns of morphological and, 
lately, ecological change is the Disparity Through Time (DTT) function in the R package 
GEIGER (Harmon et al., 2008). The DTT function requires a time-calibrated 
phylogenetic tree and a table of continuous traits for the taxon set. Starting at the root of 
the tree and moving towards the tips, mean relative disparity is calculated at every 
divergence event (i.e. node). The disparity is calculated as the average of the relative 
disparities (usually the average squared Euclidean distance among all pairs of points from 
a principal component analysis, but other measures of disparity can be employed) of all 
subclades present at each time of divergence. When the average disparity is plotted 
against the age of the nodes, a graphical representation of the change in morphological 
diversity over time is produced. This plot can be compared with the disparity through 
time of simulations using univariate or multivariate Brownian motion to show whether 
the observed change in disparity over time varies from what would be expected under a 
neutral model of evolution (BM). This method was designed to avoid having to relying 
on ancestral state estimation inferred from extant taxa. This technique utilizes extant taxa 
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to produce the disparity indices and cannot incorporate fossil data. Here I present and 
discuss a novel method for recovering the plots of disparity through time that takes 
advantage of recent advances in estimating ancestral states of continuous characters and 
will, in theory, allow the inclusion of data from extinct taxa of unknown phylogenetic 
placement. This method will be tested empirically using a dataset of cordylid lizards and 
the results of this analysis compared with that of Harmon et al.’s (2003). 
METHODS 
Phylogenetic hypotheses and diversity rates 
Studies focusing on adaptive radiations must analyze ecological and 
morphological diversity in a phylogenetic context. All the methods employed in this 
chapter require a time calibrated phylogram to provide a phylogenetic framework for the 
disparity analyses. In chapter two, several BEAST analyses were run under different 
conditions, producing chronograms (time calibrated phylogenetic trees) that can be 
utilized in this work. Despite employing a variety of calibration strategies and locus 
sampling, the five analyses yielded consistent dates for the major cordylid radiations, and 
the results of the first BEAST run (all nine loci with full taxonomic sampling, using ten 
fossil calibrations, including one crown gerrhosaurid and one crown xantusiine), pruned 
to the Cordyliformes, provided the phylogenetic framework for all the analyses in this 
chapter. Diversification rates for the cordylid subfamilies were assessed by producing 
lineage through time plots using the ltt command in the R. package Phytools (Revell, 
2012) and calculating Pybus and Harvey’s γ (Pybus and Harvey, 2000). This statistic 
measures the density of internodes across a phylogeny; if γ = 0 the internodes are evenly 
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distributed, representing a pure-birth pattern, if  γ < 0 the internodes are clustered early 
and suggest an early bust pattern and if γ > 0 they are clustered late, suggesting a late bust 
pattern. The program MEDUSA (modeling evolutionary diversification using stepwise 
AIC; Alfaro et al., 2009), located in the Geiger package (Harmon et al., 2008), was 
employed to test for lineage-specific shifts in diversification rates. This program fits a 
series of birth-death models with an increasing number of breakpoints (rate shifts), and 
estimates likelihood values for each set of parameters. The simplest model with the 
highest likelihood is then determined using AIC. This software allows single terminals to 
represent multiple taxa, ameliorating the problems of missing taxa, which is particularly 
useful for the under-sampled Platysaurinae. Missing Platysaurus taxa were assigned to 
terminals based on the results of an upcoming, comprehensively sampled phylogeny of 
the group (Keogh and Whiting, pers. com) 
Morphological and ecological disparity 
A series of morphological measurements were collected from 82 cordylid 
specimens and four gerrhosaurid outgroups, compiled from the herpetological collections 
of the American Museum of Natural History (AMNH), the Museum of Comparative 
Zoology (MCZ), the California Academy of Sciences (CAS), the Carnegie Museum of 
Natural History (CM) and the University of Texas, El Paso (UTEP). Whole, preserved 
specimens were scanned using a Nano-focus GE phoenix v|tome|x s240 x-ray CT 
machine at the American Museum of Natural History’s Microscopy and Imaging Facility. 
The resolution of the scans ranged from 85-42µm/voxel, depending on the size of the 
scanned individual. Owing to the dimensions of the lizards, most specimens were 
scanned in multiple sections, reconstructed separately in the Phoenix proprietary software 
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and then combined using the imaging processing package Fiji (Schindelin et al., 2012). 
While the use of High resolution X-Ray CT scanning facilitated the quantification and 
analysis of novel morphological characters, it is time and data intensive, preventing the 
inclusion of large series of conspecifics. In order to ameliorate the effects of ontogenetic / 
size variation, only adult lizards with complete tails were scanned. Individuals with 
broken tails were included if the isolated tails could be scanned and included in the 
measurements. In a number of cases, regenerated tails identified after scanning, but when 
compared to conspecifics (or closely-related species) with original tails the proportion of 
armor in the regenerated tails did not differ greatly.  
The imaging software VG Studiomax was used to isolate and record the 
volumetric data of the following osteoderm and skeletal elements for every specimen: 
whole skeleton, postcranial skeleton, all osteoderms (excluding those fused to the skull), 
dorsal osteoderms (from the posterior edge of the post parietals to the posterior aspect of 
the hind limbs on the dorsum between the lateral folds), ventral osteoderms (from the 
chin shield to the cloaca on the ventral side between the lateral folds), caudal osteoderms, 
and leg osteoderms (Figure 4.2). Ten linear measurements pertaining to body shape were 
also collected from the CT scans: Snout-Vent length, Femur length (from the femoral 
condyle to the anteroventral articulatory facet), fibula length (from the proximal 
epiphysis to the distal epiphysis), humerus length (from the humeral condyle to the 
entepicondyle), ulna length (from the patella ulnaris to the distal articulatory facet), 4th 
toe length (from the proximal edge of the metatarsal to the distal phalanx of the 4th digit), 
4th finger length (from the proximal edge of the metacarpals to the distal phalanx of the 
4th digit), head length (from the posterior aspect of the parietal to the ateriormost part of 
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the premaxilla), head depth (from the dorsal surface of the parietal above the parietal 
ventral process to the dorsal aspect of the lower jaw) and head breadth (distance between 
the temporal osteoderms). These volumetric and linear measurements were converted to 
ratios to ameliorate the influence of body size, producing 19 continuous values 
representing limb length, armor degree distribution and dorso-ventral flattening (table 
4.1). Many of the well-armored forms have a significant volume of osteoderms fused to 
their skull, which proved to be very difficult to digitally remove, and so various 
measurements of the osteoderm volumes were corrected for size using the postcranial 
skeleton volume data. This morphological data was reduced to its primary components 
(PC1 = Morpho1, PC2 = Morpho2) using the prcomp function in R (Table 4.2).  
Studies of adaptive radiations often focus on morphological disparity as a proxy 
for measuring ecological variation. This morphological variation therefore must result 
from adaptation to different ecological niches in order to be informative in such studies. 
In order to test whether variation in dermal armor is correlated to adaptation to particular 
ecological conditions, a series of statistical tests were carried out, comparing the 
morphological dataset to a quantitative climate data and a qualitative habitat dataset.  
A dataset of cordylid localities was compiled from the records of the South 
African Reptile Conservation Assessment (SARCA), AMNH, MCZ and CAS. Each 
locality was examined for concordance with known ranges, and records that were only 
accurate to the quarter degree or less were discarded. When all imprecise and duplicate 
records were removed, a dataset of 1,621 localities remained, representing 235 platysaur 
localities and 1,386 cordyline localities.  
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Quantitative climatic data for these localities were extracted from nine pertinent 
temperature layers of the WorldClim dataset (average annual temperature, maximum 
temperature of warmest month, minimum temperature of coldest month, annual 
temperature range, mean temperature of warmest quarter, mean temperature of coldest 
quarter, annual precipitation, precipitation of the wettest month, and precipitation of the 
driest month) (Hijmans et al., 2005). Of the 1,386 cordyline localities used in this 
analysis, 428 were referable to Cordylus, 357 to Karusasaurus, 142 to Chamaesaura, 161 
to Pseudocordylus, 131 to Smaug, 82 to Hemicordylus, 44 to Ouroborus 41 to 
Namazonurus and 19 to Ninurta. Most species were represented by multiple localities, 
and so the mean value of each climatic variable was recorded per species. Once the 
ecological data had been extracted, the variation was reduced to its primary components 
using a principal components analysis, as suggested by Burbrink et al. (2012) (Table 4.2). 
The cordylid species were binned into five habitat categories based on retreat-site 
preference: 1) deep crevices in cliffs and large boulders 2) shallow crevices in small or 
soft rocks, 3) dense grass, 4) self excavated burrows and 5) natural crevices in plant 
matter (Figure 4.3 and 4.4). These categories are derived from the authors own field 
experience and an exhaustive study of natural history accounts (Alexander and Marais, 
2007; Bates, 2005; Branch, 1998; Broadley, 1964; Broadley, 1966; Broadley, 1971; 
Broadley, 1978; Cooper et al., 2000; Effenberger, 2004; Eifler et al., 2007; Fitzsimons, 
1943; Griffin, 2000; Herselman et al., 1992; Jacobsen, 1989; Jacobsen, 1994; Loveridge, 
1944; McLachlan, 1979; Mouton and Van Wyk, 1989; Mouton and van Wyk, 1992; 
Spawls et al., 2002) (Table 4.2). Despite the qualitative nature of this categorization, 
microhabitat choice in the cordylid lineage is often stereotypical and lends itself to this 
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kind of partitioning. Phylogenetic independent contrasts were performed on the first two 
principal components of the morphological and climatic datasets to test for correlation 
between morphology and climatic niche. In order to test if there are statistically 
significant morphological and climatic differences among the five discrete habitat 
categories, a phylogenetic ANOVA (Garland et al., 1993) was performed. 
The optimal model of trait evolution for the morphological and ecological data 
was determined by fitting a series of increasingly complex models to the first two 
principal components of morphological dataset (Morp1 and Morph2) and the primary 
component of the climatic data (Ecol1). Following the methods of Harmon et al. (2010) I 
tested Brownian motion (a random walk model, often employed as a proxy for neutral 
evolution), Ornstein–Uhlenbeck (essentially a bounded Brownian motion model; a 
random walk with a tendency to move back towards a specific value or range of values, 
with a greater attraction when the process is further away from the center), and Early 
burst (in which trait evolution is rapid early in a radiation and slower later) models, and 
used a non-phylogenetic “white noise” mode (Kozak and Wiens, 2010) to test the null 
model of niche conservatism. 
The change in amount of morphological and ecological disparity across the 
phylogeny was then explored using three approaches. Firstly disparity through time plots 
were created for the Morpho1, Morpho2 and Ecol1 using the DTT command in GEIGER 
(Harmon et al., 2003; Harmon et al., 2008). The disparity index was set as average 
squared Euclidean distance and 1000 simulations run with traits evolving under 
Brownian motion to calculate the null DTT plot and 95% confidence interval. The DTT 
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command measures overall disparity across a phylogeny, and in order to investigate the 
various disparity patterns throughout the family, separate analyses were run on the 
Cordylinae, the Platysaurinae, several subclades corresponding to A-I in Figure 4.11 and 
all genera with more than 4 data points (i.e. not Karusasaurus, Ouroborus or Ninurta). 
The morphological disparity index (MDI), represents the overall difference in relative 
disparity of a clade compared with that expected under the null hypothesis, and equals the 
area contained between the line connecting observed relative disparity points versus the 
line connecting median relative disparity points of the simulations. MDIs were recorded 
for each of the DTT analyses. 
A novel method of recording disparity through time was developed and used to 
track shifts in the area of morphospace/ ecospace occupied across the cordylid 
phylogeny. Harmon et al.’s (2003) method calculates disparity form the leaf taxa only, 
and recovers the temporal patterns of disparity through combining different groups of 
these values. The novel method reconstructs the morphology/ecology of hypothetical 
ancestral taxa and measures the disparity of the ancestral assemblages throughout time. 
This new method makes use of existing packages and analyses in the GEIGER, PhyTools 
and PBSmapping libraries. A schematic outline of the system is shown in Figure 4.5, and 
the reasoning and code for each step is given in the supplementary data S4.2, but the 
basic methodology is as follows: Firstly, ancestral states are estimated for every character 
in a morphogical/ ecological matrix and a dataset is built that includes character values  
for leaf taxa (operational taxonomic units or OTUs) and node taxa (hypothetical 
taxonomic units or HTUs). The morphological diversity of the OTUs and HTUs is 
reduced to its principal components the first two PCs plotted onto a scatterplot. The 
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disparity of taxa that are present at each node age is recorded and plotted against the age 
of the cladogenic events. As ancestral state estimation is integral to this method, four 
gerrhosaurid outgroups were added to the morphology matrix to allow the values at the 
root of the Cordylidae to be more accurately estimated. Disparity through time was 
initially calculated by plotting the Euclidian distance between all HTUs and OTUs that 
were present at a specific time. However, this method proved to be vulnerable to 
sampling biases and from distortion in cases where one subclade occupies a significantly 
remote area of morphospace, and so an alternative method for calculating disparity was 
also produced, that used the area of convex hulls of the HTU and OTUS across the 
phylogeny’s timescale. As a convex hull’s area is determined by its outermost points, 
adding new points that fall inside the range of the existing morphospace will not increase 
the measure of disparity. It is therefore possible to recover an accurate measure of clade 
disparity even with incomplete sampling, provided that the existing sampling 
incorporates the full range of morphological diversity.   
Identifying shifts in the rate of morphological and ecological evolution. 
The disparity-through-time analyses outlined above are powerful methods for 
capturing and quantifying morphological and ecological variation in a temporal setting. 
The R package AUTEUR (accommodating uncertainty in trait evolution using R), was 
used to identify where rate shifts of morphological and ecological evolution occur in 
cordylid phylogeny. AUTEUR identifies shifts in the rate of character evolution with no 
prior assumption of where said shifts occur. It does this by allowing phylogenetically 
localized shifts in the rate of a random walk process of trait change, essentially exploring 
a range of possible ecological rate scenarios from the simplest Brownian-motion process 
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(a global evolutionary rate) to a highly complex model where each branch evolves at a 
rate independent from all others (Eastman et al., 2011). Reverse jump MCMC analyses 
were run on the morphological (Morpho1 and Morpho2) and ecological (Ecol1) datasets 
for 1 x106 generations, sampling every 1000, the proportion of proposals that split or 
merge rates set to 10%, with an automatically calibrated proposal width.  
RESULTS 
Diversification rates in the Cordylidae. 
Lineage through time plots of the cordylid subfamilies reveal a pattern of early 
diversification in the Cordylinae (γ = -3.820292, p = 0.00013), and a less pronounced and 
non-significant pattern of early diversification in the Platysaurinae (γ  = -1.878111, p = 
0.0603). The MEDUSA analysis recovered strong support for a single diversification 
rates across the entire Cordylidae. 
Ecomorphological variation in the Cordylidae 
Osteodermal distribution in the eighty-six scanned cordyliform specimens varied 
significantly among genera and families but was relatively conservative within genera 
(detailed descriptions of osteoderm characters for each species in appendix S2). The first 
two principal components from the 19 morphological measurements accounted for 77.6% 
of the variation in the dataset (PC1 = 43.3%, PC2 = 34.3%). The highest loadings on PC1 
were total corrected osteoderm volume, dorsal-caudal osteoderm volume ratio and 
corrected dorsal osteoderm volume. The highest loadings on PC2 were the corrected limb 
length values, head depth-width ratio, and head length-width ratio (Figure 4.6a). The first 
principal component (Morph1) effectively captures the variation in armor extent and 
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distribution, with negative scores indicating species with low volumes of armor, 
distributed primarily in the tail and limbs, and positive scores representing species that 
possess a large amount of armor, distributed evenly between the dorsum, ventrum, limbs 
and tail. The second principle component (Morph2) reflects the variation in body shape, 
with negative scores representing long limbed, dorso-ventrally flattened forms and 
positive scores representing short limbed and deeper bodied forms. The genera clustered 
tightly within the morphospace of the first two PCAs (Figure 4.7) with the subfamily 
Cordylinae occupying a much larger area than the Platysaurinae. The serpentiform genus 
Chamaesaura was highly removed from the remainder of the genera in Morph2, while 
Morph1 divided most of the genera into the more-armored (Cordylus, Ouroborus, 
Karusasaurus, and Namazonurus) and less-armored forms (Pseudocordylus, Platysaurus, 
Hemicordylus and Ninurta). Chamaesaura fell between these two divisions, and 
members of Smaug exhibited a wide range of values for Morph1, with the northern 
species, S. regius and S. mossambicus, recovered with the less armored forms and the 
remaining species recovered with the heavily armored species. When habitat preference 
is mapped onto the morphological PCA (Figure 4.8), a number of relationships become 
apparent; species associated with deep crevices in large boulders and cliffs are 
consistently recovered in the lightly armored section of morphospace, with the exception 
of Ouroborus cataphractus, which occurs on large boulders and is heavily armored. 
Species that utilize retreat sites in small rocks, burrows in grassland and crevices in plant 
matter are recovered towards the opposite end of Morpho1, possessing a higher relative 
volume of armor, distributed more consistently across their entire body. This is supported 
by the results of the ANOVA analysis, which revealed that the Mopho1 (armor) mean 
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value for species that occupy deep crevices in large boulders and cliffs differed 
significantly from those that live in shallow crevices in small rocks, grassland specialists, 
and the fossorial species (Table 4.3). Body shape (Morpho2) was shown to differ 
significantly between the grassland specialists and species that occupy all other habitat 
types. The first two principal components of the nine climatic values accounted for 
83.1% of the variation (PC1=53.1%, PC2 =30.0%). The highest loadings on PC1 were 
Bio1 (average annual temperature), Bio11 (mean temperature of the coldest quarter), 
Bio6 (minimum temperature of the coldest quarter) and Bio10 (mean temperature of the 
warmest quarter). The highest loadings on PC2 were Bio7 (temperature annual range), 
Bio12 (annual precipitation), Bio13 (precipitation of the wettest month), Bio14 
(precipitation of the driest month) and Bio5 (maximum temperature of the warmest 
month). The first principal component (Ecol1) essentially represents point temperatures, 
while the second principal component (Ecol2) represents variation temperature and 
precipitation rates (Figure 4.6b). The Cordylinae were shown to occupy a larger portion 
of ecospace than the Platysaurinae, with only three platysaurines falling outside of area 
encompassed by the Cordylinae. Two of these platysaurine outliers (P. nyasae and P. 
maculatus) occurred at higher temperatures (high Ecol1 value), and one (P. broadleyi) 
occurred in drier areas (low Ecol2 value) than any cordyline species (Figure 4.9). 
Platysaurines appeared to occupy the warmer areas of ecospace (positive Ecol1 values) 
while Cordylids were distributed broadly across all areas. There appeared to be some 
generic clustering within the cordylines; members of Hemicordylus and Pseudocordylus 
consistently recovered in cooler ecospace (having low Ecol1 values), and all but one of 
the Namazonurus species (N. lawrenci) were distributed towards the lower range of 
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Ecol2 (a low temperature range and low precipitation). Members of Cordylus, 
Chamaesaura and Smaug occupied large ranges of ecospace. No significant difference in 
climatic value was recovered between habitat types within the Cordylidae, however, 
when the dataset was restricted to the Cordylinae, ANOVA analysis returned significant 
differences in the ecological means between large rock and small rock species, and large 
rocks and grassland species. Phylogenetic independent contrasts recover no significant 
correlation between either the degree of armor or body-shape and climate for the cordylid 
dataset, but when the dataset was restricted to the Cordylinae, significant correlation was 
recovered between climate and degree of armor (p = 0.030), with lightly armored forms 
occupying cooler niche-spaces. 
Disparity through time analyses 
The results of the model fitting analysis are shown in table 4.4. In the Cordylidae 
and Cordylinae, the Early burst (EB) model was returned as the best fit for degree of 
armor (morpho1) and body-shape (morpho2), while Brownian Motion (BM) was the best 
fit model for climatic data. The morphological and ecological data for platysaurines was 
shown to fit a white noise model best, suggesting that there is no phylogenetic signal in 
the ecomorphological variation observed in Platysaurinae.  Disparity through time plots 
generated by the method of Harmon et al. (2003) reveal high levels of disparity for armor 
and body-shape, throughout the Cordylinae (Moprho1 MDI = -0.2044863, Morpho2  
MDI = -0.2529418), suggesting early diversification followed by a reduction in 
disparification. The MDI values of the Cordylidae, Cordylinae and all but one of the 
suprageneric cordyline clades were lower than the null model, again supporting an early 
burst of disparification in the Cordylinae. The MDI values for Platysaurinae (Moprho1 
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MDI = 0.2830527, Morpho2 MDI = 0.7599266) and within the cordyline genera were 
close to zero or greater than the null model, suggesting that morphological evolution in 
these groups was closer to Brownian Motion or even late burst (Figure 4.10). The DTT 
plot of ecological data was close to the null for the Cordylinae (MDI = 0.005595149) and 
the Platysaurinae, although the later was revealed to have an initial period where the 
disparity was significantly higher than the null (MDI= 0.3744308). 
The DTT plots of the morphological dataset produced by the new method recover 
a rapid increase in the amount morphospace occupied by the Cordylidae around the time 
of the initial divergences within the two subfamilies (Figure 4.12). The subsampled plots 
of the Cordylinae and Platysaurinae highlight the extent of the difference in 
morphological diversity between the two cordylid subfamilies. As expected from the 
results of the principal component analysis, the majority of disparity within the 
Cordylidae is attributable to the Cordylinae. Although the DTT plots do not return such a 
striking a pattern of early burst disparification as the results from the existing DTT 
method, the analysis did recover a rapid and substantial increase in morphological 
disparity around the base of the Cordylinae. Within the Cordylinae plot, the most extreme 
increase in morphological disparity was seen at 16 MYA, corresponding to the near 
concomitant initial divergences within Chamaesaura and Pseudocordylus. The DTT of 
the Ecological dataset reveals high levels of ecological disparity early in the 
Platysaurinae’s history, followed by a more gradual increase in ecological diversity, 
while the Cordylidae exhibit a more consistent increase in ecological diversity, expanding 
to occupy an area of ecospace nearly three times larger than the platysaurines. The 
current area of ecospace occupied by the Cordylinae is only slightly smaller than that of 
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the Cordylidae, suggesting that there is little ecospace occupied by the Platysaurinae that 
is not also occupied by the Cordylinae. 
The AUTEUR analysis of Morpho1 revealed a significant slowing of evolutionary 
rate of armor distribution in the Platysaurinae, relative to the Cordylinae (Shift direction -
1.0, Shift probability 0.33), and increasing shifts in evolutionary rate in Pseudocordylus 
and Hemicordylus (shift directions = 0.65 and 0.53, shift probabilities 0.157 and 0.071, 
respectively) (Figure 4.13). A slight increase in evolutionary rate was seen in the 
Cordylinae  (shift direction = 0.09, probability = 0.28). Analysis of Morpho2 revealed a 
strong, well-supported increase in the evolutionary rate of body shape in the 
Chamaesaura-Ninurta clade (shift direction = 1.0, probability = 1.0), but recovered no 
support for any other rate shifts across the tree (Figure 4.14). No supported shifts in the 
rate of ecological preference were recovered from analysis of Ecol1 or Ecol2. 
DISCUSSION 
The findings of this study highlight the clear dichotomy in the morphological, 
climatic and habitat diversity exhibited by the cordylid subfamilies. In addition to being 
more geographically widespread, the Cordylinae occupies a much larger area of 
morphospace, ecospace and occurs in a more diverse array of habitats than the 
Platysaurinae. A pattern of early diversification is recovered in the Cordylinae, consistent 
with Stanley et al.’s (2011) hypothesis of a rapid radiation at the base of the subfamily. 
The Platysaurinae also exhibited a weak pattern of early diversification, but this could 
potentially be a sampling effect, as most of the missing taxa in this group had recently 
diverged from species included in the analysis (S. Keogh pers. com, August 2013). The 
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MEDUSA analysis revealed that there were no significant shifts in the rate of 
diversification between the two groups although, as this method employs AICc approach 
to penalize increased numbers of rate-shifts, it may be unsuited to identify temporal 
spikes of diversification across the backbone of a pectinate tree, where a single increase 
in rate is followed by multiple decreases in the resulting lineages.  
Analysis of osteoderm and body-shape characters produced multiple lines of 
evidence that the Cordylinae underwent a period of rapid morphological diversification 
early in its history. Additionally, as differing morphologies were shown to be strongly 
associated with specific habitat types, this increase morphological diversity was probably 
associated with a diversification of ecologies among the radiating Cordylinae. These 
findings strongly support the hypothesis that Cordylinae underwent a period of adaptive 
radiation, as proposed by Mouton and van Wyk (1997) and Stanley et al. (2011). 
Although some studies describe Platysaurus as undergoing adaptive radiation (Branch 
and Whiting, 1997) little evidence was recovered for a this here, with the observed 
morphology of platysaurs fitting a non-phylogenetic model of character evolution. Due to 
the time and data intensive nature of CT scanning, I was unable to include large series of 
conspecifics in the analysis. Insufficient sampling can cause a number of problems for 
these kind of comparative analyses (Garamszegi and Møller, 2010; Harmon and Losos, 
2005), and lack of phylogenetic signal in the Platysaurinae may be a result of this study’s 
sampling; If the within-species variation is greater than the among species variation, 
phylogenetic signal may be hidden in analyses that use single vouchers, but recovered if 
the mean values of a series was used instead exist. Additionally, the Platysaurinae are far 
more morphologically conservative than the Cordylinae, and possess much lower 
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volumes of armor, and when these values are converted to ratios, any inaccuracy in the 
volumes of armor are amplified.  
While the disparity through time plots and model fitting analyses return evidence 
for an early burst of morphological diversification in the Cordylinae, AUTEUR did not 
identify a significant shift in rate of morphological evolution at the base of the cordylines, 
instead identifying localized shifts in Hemicordylus and Pseudocordylus (armor) and the 
Chamaesaura-Ninurta clade (body shape). The analysis did identify a strong negative 
shift rate of evolution of armor in the Platysaurinae. The inability of the analysis to 
identify a significant shift in evolutionary rate the base of the pectinate cordyline tree 
may stem from the fact that AUTEURs employs a Brownian Motion model, while the 
data was shown to fit an early burst model of morphological evolution. If we assume that 
natural selection acting on these diversifying lineages results in them fitting some 
morphological optima, as was proposed by the original architect of adaptive radiation, 
(Osborn, 1902), the Ornstein-Uhlenbeck (OU) model may provide to the most accurate 
replication of evolution during adaptive radiation. A new approach that incorporates this 
idea would be look at the divergence of the various optima by modifying the reverse-
jump mcmc approach of AUTEUR to incorporate multiple OU models, allowing for the 
identification of shifting optimums trait values (δ) or selection strengths (α) across the 
tree; a similar method is implemented in the R. package OUwie, the methods of which 
are laid out Beaulieu et al. (2012). 
The ecospace distributions of the cordylines and platysaurines is unsurprising, 
given the strong association between viviparity and adaptation to cool environments, 
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although it was unanticipated that a number of viviparous cordylids would be recovered 
in warmer areas than the majority of the platysaurs (Figure 4.9). The recovery of 
Platysaurus broadleyi in an extremely arid area of niche-space can be explained by the 
species’ extremely limited distribution around the waterfalls at Augrabies on the Orange 
River (Branch and Whiting, 1997). By utilizing localized microhabitats the species may 
be able to persist outside its optimal climatic niche, in a similar way to the northern clade 
of Hemicordylus capensis (See chapter four). Although no statistically significant 
correlation was recovered between the morphological and climatic variation within the 
Cordylidae, analysis of the Cordylinae in isolation revealed a statistically significant 
correlation between armor and climate. The two most lightly armored cordyline genera; 
Pseudocordylus and Hemicordylus occupy a similar area of morphospace with 
Platysaurus, and share an affinity for large boulders with deep crevices, but the two 
groups occupy entirely different areas of ecospace; the former occupying the coolest area 
climatic niche-space (high altitudes of the Cape Fold Mountains and Eastern 
Escarpment), with the latter occupying the warmer sections of niche-space (Figure 4.9). 
This suggests that the three genera are effectively occupying the same microhabitats (i.e. 
large boulders with deep crevices) in entirely dissimilar climatic zones, converging on a 
lightly armored, long limbed morphotype. Climatic variation in the in both subfamilies 
fits a model of Brownian motion, suggesting that the radiation of morphological diversity 
was not associated with an expansion of climatic niche. The significant correlation 
between morphology and habitat (i.e. retreat site preference), and the limited correlation 
between morphology and climate, and lack of correlation between habitat and climate, 
suggest that the morphological characters measured in this study are more strongly 
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influenced by the type of retreat site they use than by climatic variables and that retreat 
more fine-scale habitat was the adaptive landscape that drove the diversification of the 
Cordylinae. Most cordylid congeneric species are allopatric, occupying similar niches in 
different areas, but species from several different genera may be found in the same 
location, occupying different retreat sites. For example, at a single site in Malalotjah 
Nature Reserve, Swaziland, Pseudocordylus melanotus (lightly armored) can be observed 
basking on top of large boulders, next to piles of small rocks that contain Cordylus vittifer 
(heavily armored), surrounded by grassland that contains Chamaesaura anguina 
(intermediately armored, highly attenuate). There may be some microclimatic variation 
within these areas, however the resolution of the climatic data employed by this study 
would not be sufficient to distinguish these. 
What factors could be driving variation in cordylid armor? 
 Mouton and Flemming (2001) hypothesized that variation in predator type was 
the primary driver of the diversity of armor displayed by cordylid species. This is 
difficult to test empirically as few predation accounts exist for the Cordylidae, and most 
of these refer to a small number of commonly occurring species (Branch and Burger, 
1991; Cooper et al., 2000; Cooper et al., 1999; Parusnath, 2012; Shine et al., 2006; 
Whiting, 2002). While the influence of predator type on morphology cannot be explicitly 
tested here, we can speculate how habitat, and specifically retreat site, choice influences 
the degree of armor displayed by the various members of the Cordylidae. There is a clear 
correlation between retreat sight choice and the degree of armor in cordylid lizards; 
poorly armored forms are closely associated with large rock formations with deep, 
unassailable crevices, while the more armored forms tend to be associated with more 
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open habitat, occupying shallow crevices in smaller rocks that are more easily accessible 
to dexterous mammalian predators (Branch, 1998), or traveling through areas of open 
habitat to gain access to important food sources, as is the case in the heavily armored 
Armadillo lizard, Ouroborus cataphractus (Effenberger, 2004; Mouton et al., 2000). As 
Mouton and Flemming (2001) stated, species that occupy shallow cracks in small rocks 
are often vulnerable to predators that can manipulate them out of the crevices, in which 
case armor may prove beneficial. There is little empirical evidence, however, that heavy 
armor is any less effective against avian predators than any other predator type, nor is it 
shown that there is a significant difference in the type of predators present at the different 
habitats; Non-avian predators (snakes, baboons etc.) co-occur with species that utilize 
deep crevices in large boulders, and the lizards that occupy shallow rock crevices and 
avian predators are present in the areas where the shallow-crevice dwelling lizards are 
found. It seems more likely that a reduction in the amount of armor results from access to 
more unassailable retreat sites. Anyone who has had attempted to remove cordylids from 
small rocks and from deep crevices will know that the boulder retreat sites provide a far 
more effective refuge, and once a lizard is safely sequestered inside, no amount of 
manipulation can extract them (see Broadley, 1962 for a delightfully violent workaround 
for this). Losos et al. (2002) revealed significant tradeoffs between armor and sprint 
speed, suggesting that heavy armor might be most beneficial to animals that cannot rely 
on their retreat sites to fully protect them from predators.  
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It is interesting to note that the plot of the first two principle components of 
morphological variation recovers the species neatly clustering into the four17 original 
genera (Cordylus, Pseudocordylus, Chamaesaura and Platysaurus), and the relative 
distributions of these groups recaptures the original taxonomy of Lang (1991), with 
Chamaesaura significantly isolated from the other cordylids on the body-shape axis, and 
Pseudocordylus and Platysaurus occupying overlapping niche-space (Figure 4.15). This 
highlights the havoc that convergent ectomorphs can wreak on morphological 
phylogenetic analysis.  
The results of the novel DTT analysis offer insight into the pattern of 
morphological change across time and phylogeny, although a number of fundamental, 
possibly intractable problems exist with this method. The ability of the method to 
compare the accumulation of morphological disparity between multiple clades in the 
same analysis may be useful in understanding patterns and processes of morphological 
evolution. Many of the studies that utilized Harmon et al.’s DTT method recover overall 
disparity, but do not subsample their phylogenies to investigate which parts of the tree are 
responsible for the shifts in disparity. A further application for this method that was not 
exploited by this study involves the inclusion of temporally placed but phylogenetically 
uncertain fossils.  By calculating the morphological disparity present from estimated 
ancestral characters at different times across the phylogeny it is able to identify shifts in 
the morphological diversity of taxa present at specific times, rather than specific points !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
17 Ninurta coeruleopunctatus, recovered in the morphospace between Cordylus and 
Pseudocordylus, has been a perennially problematic species that did not fit neatly into 
either genus. Early work assigned it to Cordylus but postulated that it may represent the 
basal species, sharing a number of characters with Pseudocordylus. Molecular analysis, 
however, recovers it as the sister taxon to Chamaesaura! 
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on the tree. It should be possible to incorporate data from fossil taxa that have a given age 
but not a well-supported position on the tree. This is useful as it is often easier to assign a 
date to a fossil than it is to place it on the tree.  
There are a number of issues with the new method that still require attention 
before this method can reach its full potential. Firstly, and most critically, the method 
relies on ancestral state estimation to create hypothetical node taxa, and variance of these 
characters increase towards the root, losing resolving power. This is compounded in cases 
where rapid radiations occur, as the edge length of daughter lineages influences the 
estimation of an ancestral state for continuous traits, the novel DTT analysis will be 
subject to increased variance when rapid cladogenesis occurs. The variance is not 
currently incorporated in this function and when it is, may obscure the pattern of 
disparity. Secondly, given that the new method uses a FastAnc, an ancestral state 
reconstruction method that essentially returns the ancestral character as a central point 
between the decedents, it may not be an appropriate method to use on systems that 
display non-BM evolution, as was the case in the Cordylines. Thirdly, as the character 
values used for the disparity analysis are node values, rather than the lineages, at any 
given time slice, only the values of the nodes that occurs at that time are technically 
accurate. The ancestral state estimation does support the ability to recover values along 
lineages, and incorporating this into the analysis would improve the accuracy of these 
analyses. Finally, a method of comparing the DTT plot to the mean of multiple Brownian 
motion simulations would need to be implemented to allow the shape of the DTT to me 
analyzed in a statistical framework. 
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Table 4.1. Morphological measurements used in this study. 
character definition 
Corrected osteoderms volume total osteoderm volume / postcranial volume 
Caudal osteoderm volume caudal osteoderm volume / postcranial volume 
Dorsal osteoderm volume dorsal osteoderm volume / postcranial volume 
Ventral osteoderm volume ventral osteoderm volume / postcranial volume 
Limb osteoderm volume leg osteoderm volume / postcranial volume 
Dorsal-caudal osteoderm ratio dorsal osteoderm volume / caudal osteoderm volume 
% dorsal osteoderms dorsal osteoderm volume / total osteoderm volume 
% Caudal osteoderms caudal osteoderm volume / total osteoderm volume 
% ventral osteoderms ventral osteoderm volume / total osteoderm volume 
% leg osteoderms leg osteoderm volume / total osteoderm volume 
Snout-vent-length (SVL) premaxilla to cloaca 
Corrected Femur length femur length  / SVL 
Corrected fibula length fibula length / SVL 
Corrected humerus length humerus length / length / SVL 
Corrected ulna length ulna length / SVL 
Corrected 4th toe length medial aspect of the metatarsal to tip of distal phalanx  / SVL 
Corrected 4th finger length medial aspect of the metacarpal to tip of distal phalanx / SVL 
head length-depth ratio Head length / head depth 
head length-width ratio Head length / head width 
head depth-width ratio Head depth / head width 
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Table 4.2 Principal component scores for morphological and ecological data and habitat 
assignment for all species used in this study. 
Species 
 
Morpho 1 
(Armor) 
Morpho2 
(Body shape) 
Ecol1 
(Climate) 
Ecol2 
(Climate) 
Habitat 
 
Platysaurus broadleyi -82.387 -9.574 0.122 -1.721 Large rocks 
Platysaurus capensis -73.812 -11.880 -0.125 -0.176 Large rocks 
Platysaurus guttatus -57.095 -7.745 0.997 -1.085 Large rocks 
Platysaurus imperator -75.389 -4.784 1.881 -0.161 Large rocks 
Platysaurus intermedius -56.535 -6.606 1.601 -0.369 Large rocks 
Platysaurus maculatus -82.505 -10.759 5.248 0.032 Large rocks 
Platysaurus minor -70.754 -4.377 -0.449 -1.197 Large rocks 
Platysaurus mitchelli -88.451 -8.679 0.448 2.094 Large rocks 
Platysaurus nyasae -71.899 -7.673 5.066 -0.144 Large rocks 
Platysaurus ocellatus -95.023 -8.905 0.165 1.995 Large rocks 
Platysaurus pungweensis -54.671 -11.417 1.324 -1.384 Large rocks 
Platysaurus rhodesianus -64.622 -8.918 1.217 -0.035 Large rocks 
Platysaurus subniger -70.218 -10.156 1.067 -0.905 Large rocks 
Platysaurus torquatus -69.194 -6.375 1.669 0.007 Large rocks 
Platysaurus wilhelmi -65.409 -7.861 1.306 0.459 Large rocks 
Smaug barbertonensis 2.333 -0.081 0.953 0.400 Large rocks 
Smaug depressus 15.912 0.707 0.275 0.612 Large rocks 
Smaug giganteus 37.040 3.990 -1.548 -1.478 Burrows 
Smaug mossambicus -26.680 -3.289 2.987 -0.134 Large rocks 
Smaug regius -12.747 -0.592 0.592 0.370 Large rocks 
Smaug regius -11.550 -0.430 0.592 0.370 Large rocks 
Smaug vandami 47.330 1.397 1.038 -0.839 Large rocks 
Smaug warreni 10.180 -0.363 1.703 0.577 Small rocks 
Ninurta coeruleopunctatus -14.426 2.080 -1.368 1.105 Small rocks 
Chamaesaura aenea -40.227 24.111 -1.719 -0.393 Grassland 
Chamaesaura anguina -57.310 30.986 -0.989 1.083 Grassland 
Chamaesaura macrolepis -67.096 34.147 1.389 1.172 Grassland 
Chamaesaura miopropus -54.501 33.849 -0.056 1.382 Grassland 
Chamaesaura oligopholis -56.275 34.377 3.450 -0.099 Grassland 
Chamaesaura tenuior -75.826 33.032 1.962 0.726 Grassland 
Pseudocordylus langi -73.373 -4.965 -4.517 0.680 Large rocks 
Pseudocordylus melanotus -64.122 -2.744 -2.537 0.300 Large rocks 
Pseudocordylus 
microlepidotus -79.275 -0.278 -2.421 0.071 Large rocks 
Pseudocordylus spinosus -8.782 -0.811 -3.262 0.322 Small rocks 
Pseudocordylus subviridis -65.351 0.579 -3.935 0.395 Large rocks 
Pseudocordylus 
transvaalensis -64.434 0.194 -1.425 0.606 Large rocks 
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Table 4.2. (Continued)      
Species 
 
Morpho 1 
(Armor) 
Morpho2 
(Body shape) 
Ecol1 
(Climate) 
Ecol2 
(Climate) 
Habitat 
 
Namazonurus campbelli 121.152 2.221 -2.015 -0.220 Small rocks 
Namazonurus lawrenci 97.714 -4.799 -1.208 1.491 Small rocks 
Namazonurus namaquensis 61.184 2.979 0.383 -2.946 Small rocks 
Namazonurus peersi 73.465 -3.952 -0.390 -0.830 Small rocks 
Namazonurus pustulatus 83.059 2.294 -0.049 -2.139 Small rocks 
Ouroborus cataphractus 78.649 3.433 -0.555 0.127 Large rocks 
Karusasaurus jordani 64.810 0.590 -0.428 -1.464 Small rocks 
Karusasaurus polyzonus 55.978 -0.494 -0.461 -0.991 Small rocks 
Hemicordylus capensis  -78.272 -10.817 -1.178 -0.882 Large rocks 
Hemicordylus nebulosus -59.914 -6.798 -3.342 2.602 Large rocks 
Cordylus angolensis 53.735 -0.561 2.824 1.886 Small rocks 
Cordylus aridus 51.349 3.985 -1.227 -0.881 Small rocks 
Cordylus beraduccii 78.944 1.998 1.733 1.230 Small rocks 
Cordylus cordylus 100.960 -1.523 -1.951 -0.026 Small rocks 
Cordylus imkeae 105.753 1.604 0.278 -2.450 Small rocks 
Cordylus jonesi 43.526 1.906 1.433 -1.059 Plants 
Cordylus machadoi 74.593 0.764 0.297 1.071 Small rocks 
Cordylus macropholis 55.799 -1.123 -0.023 0.646 Plants 
Cordylus marunguensis 27.254 4.147 1.388 1.713 Small rocks 
Cordylus mclachlani 102.290 -3.788 -0.752 -1.709 Small rocks 
Cordylus minor 79.011 -0.101 -1.727 -2.000 Small rocks 
Cordylus niger 51.995 -6.271 -0.443 3.062 Small rocks 
Cordylus oelofseni 82.054 -1.414 -1.680 0.205 Small rocks 
Cordylus rhodesianus 56.414 1.184 -0.086 1.747 Small rocks 
Cordylus tropidosternum 47.157 -9.079 2.183 -0.091 Plants 
Cordylus vittifer 56.792 -1.307 -0.793 -0.049 Small rocks 
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Figure 4.1: Exemplars of the ten cordylid genera. From top left clockwise: Platysaurus 
intermedius, Chamaesaura anguina, Smaug giganteus, Pseudocordylus subviridis, 
Namazonurus peersi, Ninurta coeruleopunctatus, Cordylus macropholis, Karusasaurus 
polyzonus, Hemicordylus capensis, and Ouroborus cataphractus (center).  
Photos courtesy of W R. Branch, S. Parusnath, S Nielsen and P. Le F. N. Mouton. 
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Figure 4.2: A High-Resolution x-ray CT scan of Cordylus oelofseni showing the four 
isolated osteoderm regions used to quantify armor variation in this analysis. 
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Figure 4.3: Examples of five types of habitat where cordylids occur. 1) Small rocks, 2) 
large boulders and cliffs, 3) grassland (and burrows in grassland) and 4) dead/dried plant 
material. Left: Transitional Fynbos habitat - 15km South of Steytlerville, Eastern Cape, 
South Africa. Right: Golden gate park, the Free State, South Africa. Photographs 
courtesy of W. R. Branch. 
 
 
Figure 4.4: The number of cordyline and platysaurine species that occupy the five habitat 
categories recognized by this analysis. Self-excavated burrows (n=1) represented by 
white barrow bar at the bottom of the Cordylinae column. 
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Figure 4.5: A schematic of the inputs, processes and outputs of the novel disparity 
through time method developed for this study. Green boxes = input data, orange boxes = 
functions, purple boxes = internal outputs, and blue = final output  
 
 
 
 
! 200!
 
 
 
Figure 4.6a: Above: Loading plot for the morphological data showing how much each of 
the nineteen morphological variables contributed to the scores of the first two principle 
components. Beneath: A scree plot for the ecological PCA showing the variance of the 
first ten principle components. The first two components explain 77.6% of the data. 
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Figure 4.6 b 
Figure 4.6b Above: Loading plot for the climatic data showing how much each of the 
nine measured variables contributed to the scores of the first two principle components. 
Beneath: A scree plot for the ecological PCA showing the variance of the first ten 
principle components. The first two components explain 83.1% of the data. 
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Figure 4.7: A principal component analysis of 19 morphological characters of the 
Cordylidae. Data marker color denotes genera according to the phylogeny. Colored 
polygons represent the morphospace occupied by Platysaurinae (red, dotted line), 
Cordylinae (blue, dotted line), Smaug (purple), Chamaesaura (green), Pseudocordylus 
(yellow), Ninurta (teal), Namazonurus (orange), Karusasaurus (pale green), Ouroborus 
(pink), Hemicordylus (gray) and Cordylus (blue, solid line) 
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Figure 4.8: A principle component analysis for 19 morphological characters of the 
Cordylidae. Marker color represents generic assignment according to the phylogeny in 
the legend, while marker shape denotes habitat preference for the species. 
 
 
 
 
! 204!
 
 
 
 
 
Figure 4.9: A principle component analysis of the nine climate-based environmental 
values for the Cordylidae. Colored points represent generic assignment according to the 
phylogeny in the top left. The colored polygons represent the total occupied eco-space of 
Platysaurus (red) Cordylinae (blue), as well as the lightly armored cordyline genera, 
Pseudocordylus (yellow) and Hemicordylus (gray). Numbered species (1= Platysaurus 
maculatus, 2= P. nyisae, 3 = P. broadleyi, 4 = Namazonurus lawrenci, 5 = Smaug 
giganteus, and 6= Cordylus niger) discussed in the text.  
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Figure 4.10A: A phylogenetic tree showing the Platysaurinae in red and the Cordylinae 
in blue. Letters on nodes refer to the base of the clades used in the comparative DTT 
analysis (see Figure 4.11), and disparity through time plots (after Harmon et al., 2003) 
of B: Morphol1 (armor), C: Morpho2 (body shape) and D:Ecol1 (temperature) for the 
Platysaurinae and E: Morphol1 (armor), F: Morpho2 (body shape) and G:Ecol1 
(temperature) for the Cordylinae. Solid black lines show the observed disparity, dotted 
lines and shaded areas represent the mean and 95% confidence intervals from BM 
simulations, respectively. 
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Figure 4.11: Morphological Disparity Index scores of Morpho1 (armor) for selected 
clades within the Cordylidae (see Figure 4.10) 
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Figure 4.12 Above: A disparity through time plot tracking the area of occupied 
morphospace by inferred hypothetical ancestors across the cordylid phylogeny. 
Morphospace area (y axis) equals the area of a convex hull of all points of a principle 
component analysis at a particular time (see text and supplementary data S4.2). Relative 
areas of morphospace at different depths of the phylogeny are shown for: Cordylidae 
(black), the Cordylinae (red), the Platysaurinae (blue) and the Gerrhosauridae (green)  
Below: A disparity through time plot tracking the changes in area of occupied ecospace 
by inferred hypothetical ancestors across the cordylid phylogeny. Ecospace area (y axis) 
equals the area of a convex hull of all points of a principle component analysis at a 
particular time. Relative areas of ecospace is shown for: Cordylidae (black), the 
Cordylinae (red) and the Platysaurinae (blue). 
! 209!
 
 
 
! 210!
 
 
 
 
 
 
 
Figure 4.13. left: The time calibrated phylogeny of the Cordylidae showing the Morpho1 
(armor) values mapped on using the contMap function in the R package “phytools”. 
Values at nodes were estimated using ML ancestral state estimation. Right: results from 
AUTEUR analysis showing phylogenetically localized shifts in the process of armor 
evolution, showing the location of all >0.1 shift probabilities on the tree. Negative scores 
for shift direction imply a slowing of evolutionary rate while positive scores imply an 
increase in the rate of armor evolution.  
Figure 4.14. left: The time calibrated phylogeny of the Cordylidae showing the Morpho2 
(body shape) values mapped on using the contMap function in the R package “phytools”. 
Values at nodes were estimated using ML ancestral state estimation. Right: results from 
AUTEUR analysis showing phylogenetically localized shifts in the process of body-
shape evolution, showing the location of all >0.1 shift probabilities on the tree. Negative 
scores for shift direction imply a slowing of evolutionary rate while positive scores imply 
an increase in the rate of body shape evolution.  
 
 
 
 
 
 
 
 
 
! 211!
 
 
 
 
 
 
 
 
! 212!
 
 
! 213!
 
 
 
 
 
Figure 4.15: a principal component analysis of 19 morphological characters of the 
Cordylidae, showing the morphospace occupied by the traditional taxonomy’s four 
genera. Colored polygons represent the morphospace occupied by Platysaurus (red), 
Cordylus (blue), Chamaesaura (green), and Pseudocordylus (yellow). Yellow and blue 
points represent Ninurta coeruleopunctatus, a species often described as having an 
morphology that is intermediate between Cordylus and Pseudocordylus. Inset phylogeny 
= Lang’s (1991) phylogenetic hypothesis.  
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CHAPTER VI 
 
CONCLUSIONS 
 
This thesis attempts to develop a holistic understanding of the evolutionary 
history of the squamate family Cordylidae, implementing a multidisciplinary approach 
that combined morphological, paleontological, biogeographic, ecological and 
phylogenetic data to investigate evolutionary processes across a range of taxonomic 
levels in this fascinating but understudied family. This thesis built on previous 
phylogenetic works by Frost et al. (2001),  Odierna et al. (2002) Scott et al. (2004) and 
my masters work (Stanley, 2009; Stanley et al., 2011), but also took inspiration from the 
works of D. Broadley, P. le F. N. Mouton and their many co-authors and collaborators, 
who recognized many of the interesting patterns in the family and developed many of the 
hypotheses tested in this thesis. 
Chapter two produced a time-calibrated phylogeny of Squamata to serve as an 
evolutionary framework for the subsequent chapters. Although the dataset included 
representatives from all major squamate lineages, taxon sampling was concentrated in the 
Cordyliformes- the Cordylidae and its sister family, the Gerrhosauridae. Building on the 
previous phylogenetic analysis of the family (Stanley et al., 2011), this phylogeny 
included reasonably comprehensive (85%) taxon sampling for the Cordylinae, greatly 
expanded (58%) sampling for the Platysaurinae (utilizing sequences from an upcoming 
phylogenetic revision of the subfamily by Keogh and Whiting) and expanded the 
gerrhosaurid sampling to include 19 gerrhosaurids (two species of Zonosaurus, two 
! 215!
species of Tracheloptychus, eight species of Gerrhosaurus, three species of Tetradactylus 
and the monotypic Cordylosaurus subtessellatus).  
Ten fossil squamates were chosen to serve as calibrations, based on previous 
squamate dating analyses. The taxonomic placement and suitability of these calibrations 
was assessed and several issues with calibration choices of previous work noted. The 
putative fossil cordylid, Konkasaurus mahalana was CT scanned at the American 
Museum of Natural History and found to be referable to the Gerrhosauridae based on 
characters of the jaw, ilium and osteoderms. 
Multiple relaxed clock Bayesian analyses were performed in the program 
BEAST, employing different calibration regimes and subsampling the nine-locus, 8,748-
character dataset to investigate the effects of calibration choice and missing data. The 
dates of the major divergences within the family were shown to be fairly resilient to the 
effects of missing taxa and calibration placement. The two cordylid subfamilies were 
recovered as diverging in the Eocene. The viviparous cordylid lizards were shown to 
have undergone a period of rapid cladogenesis across the Oligocene-Miocene boundary, 
radiating into nine well-supported lineages, distributed around the edge of the great 
escarpment in South Africa. The cold-adapted and rupicolous cordylines would have 
been well suited to the cool, dry Oligocene climates, and might have spread across the 
southern extent of the subcontinent during this epoch. Ecological Niche Modeling of the 
two subfamilies under different climatic conditions suggested that the rapid increase in 
temperatures at the onset of the Miocene might have resulted in range contractions that 
isolated the various lineages in different geographic areas and specific habitats, driving 
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cladogenesis and ecological adaptation. The oviparous Platysaurinae currently exhibit a 
subtropical distribution and, assuming that the ancestral platysaurs occupied a similar 
environmental niche during the cool Oligocene, the southern extent of the subcontinent 
would not contain much suitable habitat for this clade. It can be hypothesized that the 
subfamily then, as now, occurred at lower latitudes than the cordylines and would not 
have been as negatively impacted by the increasing temperatures at the Oligocene-
Miocene boundary, explaining why the basal radiation of the cordylines at this time was 
not replicated in the platysaurs. Temperature fluctuations and geological uplifting of the 
escarpment may have served to isolate the east and west lineages of Platysaurus. The 
timing of the initial platysaur divergence during the middle Oligocene coincides with the 
expansion of the Zambezi river, and the divergence date of the Zimbabwe – South 
African clades occurred around a period of increased sedimentation in the Limpopo delta, 
suggesting that changing river systems may have played an important role in the 
divergence of major platysaurine clades. 
The third and fourth chapters were designed to address whether the current 
taxonomy of the Cordylidae accurately captured the true species diversity in the family, 
by looking at two clades that had complex taxonomic histories. Chapter three reviewed 
species boundaries in the Smaug warreni complex, a clade of large bodied, impressively 
spiny cordylids that contained seven currently recognized, morphologically diagnosable 
and seemingly allopatric taxa, yet which had outstanding taxonomic problems. This study 
used a six-gene dataset to recover phylogenetic relationships between the all currently 
recognized taxa and two synonymized species.  Eight well-supported clades were 
returned, with S. w. barbertonensis found to be paraphyletic. A time–calibrated analysis 
! 217!
of molecular data indicates that clades in the S. warreni complex separated in the mid 
Miocene, which was consistent with the results from chapter two but much earlier than 
the date suggested by the existing hypothesis of vicariance through the ingression of 
Kalahari sands. Ecological niche modeling indicates that, although the eight clades are 
allopatric, a slight decrease in temperature could potentially render them sympatric, and 
the timing of the radiations suggested that the species’ ranges were expanding at the time 
that the group was diverging. 
Chapter four contrasted the previous chapter by looking at a single species, 
Hemicordylus capensis, a melanistic cordylid that possesses an unusually large 
geographic range and occupies an uncharacteristically broad climatic niche for a 
seemingly cold-adapted species. The results of chapter two’s dating analysis show that 
the members of the H. capensis began diverging around 4 million years ago, making the 
diversity in the group much more recent than the S. warreni species complex. This study 
utilized sequence data from 98 samples of H. capensis collected from across the full 
extent of its range and combined a multi-locus molecular phylogenetic analyses with a 
limited morphological analysis and ecological niche modeling techniques to identify the 
extent of the H. capensis populations’ genetic, phenotypic and ecological divergence. 
Five major clades were recovered from the phylogenetic analysis, corresponding to four 
major mountain ranges in the Cape Fold Mountains. The two clades that occurred on the 
same mountain range (the Cedarberg) appeared to display an allopatric distribution, 
occurring on either side of a narrow but deep valley. Ecological niche model analysis 
showed that the northern Cedarberg clade has diverged significantly from the southern 
Cedarberg clade, although the opposite pattern was not recovered. These northern forms 
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were morphologically distinctive from all the other clades, being much more gracile and 
poorly armored. This supports the findings of recent studies into the ecology and 
behavior of the species, which suggested that the northern forms occurred exclusively at 
cliffs, gorges and ravines and exhibited more active thermoregulation behavior than the 
southern forms (Janse van Rensburg, 2009; Janse Van Rensburg and Mouton, 2009; 
Janse van Rensburg et al., 2009). Increased activity in a three-dimensional environment 
may have resulted in the reduction of heavy armor and increase in limb-length seen in 
these animals. As significant breaks in suitable habitat exists between four of the five 
populations and significant ecological divergence is seen between the two populations 
that occur on the same mountain range, a strong case can be made that each of these five 
clades should be considered valid species under a general lineage species model. 
The results of chapters three and four reveal that the current taxonomy does not 
adequately capture the true species diversity of the Cordylidae and underlines the need 
for further taxonomic work on the family. A new species of Cordylus was recently 
described from the Democratic Republic of Congo (Greenbaum et al., 2012), and several 
cordylid groups are the focus of ongoing phylogenetic research, including Platysaurus (S. 
Keogh and M. Whiting), Pseudocordylus (M. Bates and M. Cunningham), Cordylus 
cordylus (S. Daniels), C. vittifer (M. Cunningham) and East African Cordylus (S. 
Nielsen, T. Colston and E. Stanley). 
The fifth chapter aims to test the hypotheses of Stanley et al. (2011)- that that the 
Cordylidae underwent an adaptive radiation following the evolution of viviparity- and 
Branch and Whiting (1997)- that diversity seen in Platysaurus is the result of adaptive 
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radiation. This was achieved by examining patterns of morphological and ecological 
diversity across the time-calibrated phylogeny produced in chapter two. A series of size-
corrected morphological measurements relating to osteoderm volume and body shape 
were extracted from high resolution CT scans of 82 cordylid and gerrhosaurid specimens, 
representing the most densely sampled CT dataset for a study of this kind. Ecological 
data for known cordylid localities was extracted from multiple commonly used climate 
layers. This morphological variation was significantly correlated with microhabitat 
choice across the entire family, and with climate within the Cordylinae. The temporal 
patterns of morphological diversity were analyzed using the Disparity Through Time 
(DTT) method of Harmon et al. (2003), AUTEUR (Eastman et al., 2011) and a novel 
method developed here. 
Lineage-through-time analyses of the two subfamilies suggested an early burst of 
diversification in the Cordylinae, and a more step-like diversification in the 
Platysaurinae. A series of analyses reveal a clear dichotomy in the morphological, 
climatic and habitat diversity exhibited by the cordylid subfamilies. In addition to being 
more geographically widespread, the Cordylinae occupies a much larger area of 
morphospace, ecospace and occurs in a more diverse array of microhabitats than the 
Platysaurinae. Despite displaying high morphological and ecological disparity, the 
species within the nine cordyline genera are tightly clustered in morphospace and 
ecospace, suggesting low within-clade-disparity and high among-clade-disparity, 
consistent with an early burst diversification pattern. 
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A series of models were fit to the two subfamilies in order to identify the optimal 
model of trait evolution for morphology and climatic niche. An “Early Burst” model was 
returned as the best fit for morphological evolution in the Cordylinae, and Brownian 
motion the best fit for in climatic niche evolution. A non-phylogenetic (white noise) 
model was returned as the best fit for morphological and climatic characters in the 
Platysaurinae, possibly due to the small sample sizes employed by this study. The two 
different disparity through time analyses (Harmon et al., 2003 and the novel method 
developed for this study) also revealed a pattern of early burst morphological 
diversification in the Cordylinae, and returned little evidence for a similar pattern in the 
Platysaurinae, while the AUTEUR analyses of armor variation recovered a significant 
slowing in the evolutionary rates pertaining to armor in the platysaurs.  
The results of these analyses all strongly suggest that the Cordylinae underwent 
an early burst of morphological diversification around the same time as its basal 
radiation. As different areas of morphospace are significantly correlated with specific 
mircohabitat usage, it can be inferred that this morphological diversification at the base of 
the Cordylinae was accompanied by an ecological diversification. The recovered pattern 
of a rapid increase in ecological and phenotypic diversity associated with the rapidly 
multiplying cordyline lineage is consistent with Stanley et al.’s (2011) hypothesis that the 
diversity seen in the Cordylinae is the result of an adaptive radiation. No evidence is 
recovered for a similar radiation in the Platysaurinae, although perhaps with different 
morphological characters such a pattern would be seen. 
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Synthesis, conjecture and conclusions about the evolutionary history of the Cordylidae 
By combining the findings of the four central chapters of this thesis with existing 
ecological and behavioral work on the family, a reasonably detailed history of cordylid 
evolution can be constructed. Separating from the gerrhosaurids during the late 
Cretaceous, the ancestral cordylids would have been rupicolous, oviparous, sit-and-wait 
foragers, occurring in southern Africa (Mouton and van Wyk, 1997). Following their split 
from the platysaurines in the early Eocene, the ancestral cordylines developed the ability 
to give birth to live young, possibly in response to the low temperatures of the Oligocene. 
The cool, dry conditions of this epoch would have suited the cold-adapted, rupicolous 
cordylids, allowing them to expand across the southern latitudes. The oviparous 
platysaurs, by comparison, would have occurred at warmer, lower latitudes, distributed 
across the southern African subtropics. The rapidly increasing temperatures across 
Oligocene/Miocene boundary resulted in a contraction of the cordyline ranges, isolating 
populations along the edge of the great escarpment, which was experiencing a period of 
significant uplift around this time (Mccarthy and Rubisge, 2005). This isolation and 
resultant cladogenesis was accompanied by a period of rapid ecological diversification, as 
a number of different habitat types were exploited by cordyline lineages. The subfamily 
diversified morphologically, adapting to different microhabitats across their ranges. The 
animals that occurred on large rocks became modified to take advantage of the deep 
unassailable crevices, reducing their armor by restricting the osteoderms to the tail 
(which all cordylids use to block their more sensitive body parts when sequestered in 
crevices) and increasing their limb length, which allowed them to be faster and more 
likely to successfully reach their retreat sites. The cordylids that occurred in more open 
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developed heavy armor with large backward facing spines to help discourage predation. 
The animals that occurred in grassland became very attenuate, their dermal armor 
reducing to narrow rods and their tail becoming extremely long and flexible, allowing 
them to effectively swim through the long grass. A historical biogeographic analysis of 
the Cordylidae suggests that these cordyline radiations were localized in the Drakensburg 
Mountains / Eastern escarpment in the Northeast, and the Cape Fold Mountains/ Western 
escarpment in the Southwest (Mouton et al., 2012). The eastern escarpment cordylines 
diversified into a range of morphologically disparate ecotypes, including large, spiny 
burrow dwellers (Smaug giganteus), attenuate grass swimmers (Chamaesaura), lightly 
armored, boulder-specialists (Pseudocordylus) and well armored rupicolous generalists 
(the Smaug warreni group). The Southwest cordylines also diversified into well-armored 
rupicolous generalists (Cordylus, Namazonurus, Karusasaurus, Ouroborus) and lightly 
armored boulder specialists (Hemicordylus). A number of melanistic forms evolved 
within the southwest clade (Cordylus niger, C. oelofseni, Namazonurus peersi, 
Hemicordylus, and multiple coastal Karusasaurus polyzonus populations), following the 
onset of the Benguela current that cooled and aridified the Western Cape. 
An increase in the flow of the Zambezi River may have served to isolate the northern 
Platysaurus (P. maculatus, P. mitchelli and P. lineicauda) from the rest of the genus 
during the Oligocene. The Eastern and western Platysaurus clades became isolated from 
each other around the same time as the cordylines were diversifying, possibly due to a 
combination of increasing temperatures, uplift of the great escarpment and the southward 
spread of the Kalahari.  
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Two lineages of Cordylines (Cordylus and Chamaesaura) radiated northward, out 
of southern Africa to the montane regions in East Africa and Angola. Both of these 
lineages display a decreased reliance on rocky habit, Chamaesaura being obligate grass 
swimmers restricted to montane and coastal grasslands, and the East African Cordylus 
species tending to be rather generalist in their habitat use (often substituting rock crevices 
for narrow under bark). These radiations may have been associated with to the rise of 
African grasslands during the mid to late Miocene (Bobe, 2006; Retallack, 2001), 
although expanded sampling of these northern forms is needed in order to make any 
further statements about the paths and drivers of these northward radiations. 
By the mid Miocene, all nine cordyline genera had diverged, adapted to their 
specific habitats and evolved their characteristic morphologies. The Cordylid genera are 
highly conservative in their morphology and habitat preferences, but a number of species 
have diverged from their typical generic ecologies, resulting in phenotypic convergences 
with other groups. Pseudocordylus are large bodied, lightly armored lizards that live on 
large rocks and boulders on the steep upper slopes of the Drakensburg, Cape Fold 
Mountains and the inner escarpment (Branch, 1998). One species, Pseudocordylus 
spinosus, occurs on the lower slopes of the Drakensberg, and is often found in smaller 
rock piles- uncharacteristic environment for Pseudocordylus but typical habitat for 
Cordylus, if Cordylus were found in this area (Broadley, 1964). This unusual ecology is 
reflected in P. spinous’s morphology, as the species possesses greatly enlarged caudal 
spines, and possesses significant limb and dorsal osteodermal armor. While not 
approaching the levels of armor seen in Cordylus, this strongly suggests a morphological 
convergence with the well-armored generalists like Cordylus, Karusasaurus etc. Another 
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striking example of ecomorphological convergence is seen in the northern species of the 
Smaug warreni group (S. regius and S. mossambicus). Ecologically, these species appear 
to occupy similar habitat to the large, montane Pseudocordylus species, occurring, as 
they do, on large boulders and cliffs across the Chimanimani and Gorongosa mountains. 
The typical warreni phenotype is large, spiny and well armored, but the northern forms 
resemble Pseudocordylus in their lightly armored and less spiny appearance and sexual 
dichromatism- a trait not seen in other members of the Cordylinae. It would appear that, 
although the cordyline genera are well adapted to their specific environments and are 
generally conserved, they are also capable of exhibiting a degree of ecomorphological 
plasticity.  
This study would have greatly benefited from detailed ecological information for 
all members of the family. While the Cordylidae contain some of the most abundant and 
well-studied lizards in Southern Africa, little is known about the ecology and behavior of 
the majority of the species. In this thesis I aim to demonstrate that the Cordylidae 
represents as interesting and practical a model system for studying questions of character 
evolution as any of the traditional models. With a reasonable phylogenetic hypothesis in 
place, the door is wide open for studies of ecology, morphology, biogeography and a host 
of other areas to delve deeper into the evolutionary history of this amazing group of 
animals. 
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APPENDIX B: ENM TOOLS ANALYSES OF NICHE DIVERGENCE IN 
CLOSELY-RELATED TAXA IN THE SMAUG WARRENI SPECIES 
COMPLEX. 
 
 
 
! 237!
 
A-D = Background tests, E-H = Identity tests. A and E = S. breyeri vs S. vandami, B and F = S. w. warreni 
and S. w. barbertonensis from Swaziland, C and D = the two clades of S. w. barbertonensis and E and H = 
the South African S w. babertonensis and S. w. warreni. Black arrows show the actual Shoener’s D overlap 
score for ENMS and colored bars represent frequencies of Shoener’s D overlap scores from 100 
simulations. The colored columns for the background tests correspond to the following taxa: S. breyeri = 
blue, S. vandami = red, S. w. warreni = green, northern S. w. barbertonensis clade = yellow, and southern 
S. w. barbertonensis clade = orange 
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APPENDIX C:  
DESCRIPTIONS OF OSTEODERM ARRANGEMENT AND CHARACTERS  
RECOVERED USING HIGH RESOLUTION X-RAY CT SCANS,  
WITH 26 PLATES AND A DVD OF ACCOMPANYING VIDEOS 
 
 
 
 
 
 
 
 
 
 
 
 
 
! 239!
Chamaesaura Schneider 1801. Plates 1 and 2. 
 
Notes: High-resolution x-ray CT scans of all six currently recognized Chamaesaura 
species reveal the presence of delicate, diamond shaped / needle like osteoderms, 
distributed across their entire body. This is in direct contrast to Lang (1991), who claimed 
that osteoderms in Chamaesaura are restricted to the dorsal surface of their heads. 
 
Chamaesaura aeneae. MCZ R 14204 Plate 1 
Delicate, diamond shaped osteoderms are present across the entire body. Osteoderms are 
arranged in transverse rings, underlying the scales. The dorsal, ventral and caudal 
osteoderms are keeled and triangular in cross-section. The limb osteoderms are rod-like, 
unkeeled and circular in cross section. There are no osteoderms fused to the parietal, 
though plate-like and sublabial osteoderms are present and rod-like osteoderms cover the 
temporal fenestra 
 
Chamaesaura anguina AMNH R18220.  Plate 1 
Delicate rod-shaped osteoderms are present across entire body, arranged in transverse 
rows underlying the scales. All osteoderms are unkeeled and circular in cross-section. 
Plate-like and sublabial osteoderms are present. Rod-like osteoderms are found on the 
parietal and covering the temporal fenestra. 
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Chamaesaura macrolepis AMNH R80222. Plate 2 
Delicate rod-shaped osteoderms are present across entire body, arranged in transverse 
rows underlying the scales. All osteoderms are unkeeled and circular in cross-section. 
Supraorbital and sublabial osteoderms are present. Rod-shaped osteoderms cover the 
temporal fenestra. 
 
Chamaesaura oligopholis MCZ R74165. Plate 2 
Delicate rod-shaped osteoderms are present across entire body, arranged in transverse 
rows underlying the scales. All osteoderms are unkeeled and circular in cross-section. 
Supraorbital and sublabial osteoderms are present. Rod-shaped osteoderms cover the 
temporal fenestra. 
 
Chamaesaura tenuior AMNH R47254. Plate 2 
Delicate rod-shaped osteoderms are present across entire body, arranged in transverse 
rows underlying the scales. Caudal osteoderms are slightly thicker than trunk osteoderms. 
All osteoderms are unkeeled and circular in cross-section. Supraorbital and sublabial 
osteoderms are present. Rod-shaped osteoderms temporal fenestra. 
 
Cordylus Laurenti 1768. Plates 3 – 7 
 
Notes: The members of Cordylus all possess rhomboid or rectangular dorsal osteoderms, 
fiercely spined caudal osteoderms and keeled, mucronate limb osteoderms. Many species 
display substantial dermal ossification on the ventrum as well, though this is less 
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consistent. In species that lack ventral armor, the lateral osteoderms are often exhibit a 
clinal reduction in size from the large, overlapping and rhomboid forms of the dorsum to 
smaller, isolated and oval forms towards the ventrum. The lateral fold was free of 
osteoderms in all observed specimens. 
 
Cordylus angolensis AMNH R47333. Plate 3 
The dorsal osteoderms are rectangular, overlapping and keeled diagonally. The lateral 
cervical osteoderms highly keeled. The lateral trunk osteoderms are oval, keeled and non-
overlapping, reducing in size towards the venter. Ventral osteoderms are absent. The 
proximal limb osteoderms are small and mildly keeled on the ventral side, heavily keeled 
on the dorsal side. Caudal and distal limb osteoderms are heavily keeled and mucronate. 
 
Cordylus aridus AMNH R175079. Plate 3 
Dorsal osteoderms are rectangular, overlapping and keeled, feebly spined, becoming 
increasingly mucronate laterally. Lateral trunk osteoderms are oval and keeled, and 
isolated, reducing in size towards the venter. Ventral osteoderms are rectangular. Gular 
osteoderms are semicircular. Osteoderms absent along lateral fold. Proximal limb 
osteoderms are disk-like and mildly keeled on the ventral side, heavily keeled on the 
dorsal side. Post-cloacal osteoderms are small and disk-like. Caudal and distal limb 
osteoderms are heavily keeled and extensively mucronate. 
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Cordylus beraduccii CAS198949. Plate 3 
The dorsal osteoderms are rhomboid, overlapping, keeled and feebly mucronate, 
becoming increasingly spiny laterally. The lateral trunk osteoderms are oval, keeled, and 
well separated, reducing in size towards the venter. Ventral osteoderms are rectangular 
and highly reduced. Gular osteoderms are semicircular, becoming disc-like anteriorly. 
Osteoderms are absent along lateral fold. Proximal limb osteoderms are disk-like and 
mildly keeled on the ventral side, heavily keeled on the dorsal side. Post-cloacal 
osteoderms are small and disk-like. Caudal and distal limb osteoderms are heavily keeled 
and mucronate. 
 
Cordylus cloetei AMNH R175055. Plate 4 
Dorsal osteoderms are rectangular, overlapping and centrally keeled, feebly spined, 
becoming increasingly mucronate laterally. Lateral trunk osteoderms are oval and keeled, 
reducing in size towards the venter. Ventral osteoderms are rectangular. Gular 
osteoderms semicircular Osteoderms are absent along lateral fold. Proximal ventral limb 
osteoderms are disk-like and mildly keeled, dorsal and distal limb osteoderms are heavily 
keeled. Caudal and distal limb osteoderms are heavily keeled and extensively mucronate. 
 
Cordylus cordylus AMNH R175065, R175070. Plate 4 
Dorsal osteoderms rectangular, overlapping and centrally keeled, feebly spined, 
becoming increasingly mucronate laterally. Lateral trunk osteoderms are oval and keeled, 
and isolated, reducing in size towards the venter. Ventral osteoderms are rectangular. 
Gular osteoderms are small and placoid. Osteoderms are absent along lateral fold. 
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Proximal ventral limb osteoderms are disk-like and mildly keeled, dorsal and distal limb 
osteoderms are heavily keeled. Caudal and distal limb osteoderms are heavily keeled and 
extensively mucronate. 
 
Cordylus imkeae AMNH R175072. Plate 4 
Dorsal osteoderms are rectangular, overlapping and centrally keeled, feebly spined, 
becoming increasingly mucronate laterally. Lateral trunk osteoderms are oval and keeled, 
and isolated, reducing in size towards the venter. Ventral osteoderms are rectangular. 
Gular osteoderms are semicircular. Osteoderms are absent along lateral fold. Proximal 
ventral limb osteoderms are disk-like and mildly keeled, dorsal and distal limb 
osteoderms are heavily keeled. Caudal and distal limb osteoderms are heavily keeled and 
extensively mucronate. 
 
Cordylus jonesi MCZ R14212. Plate 5 
Dorsal osteoderms are mostly rhomboid, mildly keeled and closely spaced. Cervical and 
lateral trunk osteoderms are oval, keeled and slightly separated, becoming smaller 
towards ventrum. Ventral osteoderms are absent. Limb osteoderms are robust and 
mucronate. Caudal osteoderms are large and mucronate. 
Cordylus machadoi AMNH R47310. Plate 5 
Dorsal osteoderms are rectangular, overlapping and centrally keeled medially, becoming 
increasingly mucronate laterally. The first row of osteoderms posterior to the 
postparietals are elongated. Lateral trunk osteoderms are rhomboid and mucronate, in 
good contact with each other, ending at lateral fold. Ventral osteoderms are rectangular. 
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Proximal ventral limb osteoderms are disk-like and mildly keeled, dorsal and distal limb 
osteoderms are heavily keeled. Caudal and distal limb osteoderms are heavily keeled and 
extensively mucronate. 
 
Cordylus macropholis AMNH R175074. Plate 5 
The dorsal osteoderms are very large and rectangular, non-overlapping, extensively 
keeled and mucronate laterally. Lateral trunk osteoderms are oval, keeled and well 
separated, reducing in thickness and diameter towards the venter. Ventral osteoderms are 
very thin. Gular osteoderms are broad, thin and oval. Osteoderms are absent along lateral 
fold. Proximal limb osteoderms are absent on the ventral side, heavily keeled on the 
dorsal side. Post-cloacal osteoderms are small and disk-like. Caudal and distal limb 
osteoderms are heavily keeled and extensively mucronate. 
 
Cordylus marunguensis UTEP 20374. Plate 6 
Dorsal osteoderms are rhomboid, mildly keeled and closely spaced. Cervical and lateral 
trunk osteoderms are oval, keeled and well separated. Ventral osteoderms are rectangular, 
smaller than dorsal osteoderms and poorly developed. Limb osteoderms are robust and 
mucronate. Caudal osteoderms are large and mucronate laterally, plate-like and unkeeled 
dorsally. 
Cordylus mclachlani AMNH R175073. Plate 6 
Dorsum covered in overlapping, rectangular osteoderms, unkeeled medially becoming 
mucronate on the lateral aspect of trunk. The lateral osteoderms are in good contact with 
each other, ending at the lateral fold. Ventral osteoderms are rhomboid and relatively 
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well developed. Limb osteoderms are robust and mucronate, becoming highly spined 
distally. Caudal osteoderms are are large and heavily spined. 
Cordylus niger AMNH R82395. Plate 6 
Dorsal osteoderms are rectangular, overlapping and centrally keeled, feebly spined, 
becoming increasingly mucronate laterally. Postocipital osteoderms are circular and well 
separated. Lateral trunk osteoderms are rhomboid, in good contact, reducing in size 
towards the venter. Osteoderms are absent along lateral fold. Ventral osteoderms are 
rectangular. Gular osteoderms are small and placoid. Proximal ventral limb osteoderms 
are disk-like and mildly keeled, the dorsal and distal limb osteoderms heavily keeled. 
Caudal and distal limb osteoderms are heavily keeled and extensively mucronate. 
 
Cordylus oelofseni AMNH R175068. Plate 7 
Dorsal osteoderms are rectangular, overlapping and centrally keeled, feebly spined, 
becoming increasingly mucronate laterally. Postocipital osteoderms are rhomboid and in 
contact. Lateral trunk osteoderms are oval and keeled, and isolated, reducing in size 
towards the venter. Ventral osteoderms are rectangular, very delicate. Proximal ventral 
limb osteoderms are disk-like and mildly keeled, dorsal and distal limb osteoderms are 
heavily keeled. Caudal and distal limb osteoderms are heavily keeled and extensively 
mucronate. 
 
Cordylus rhodesianus CAS 209622. Plate 7 
Dorsal osteoderms are rhomboid, overlapping and keeled, feebly mucronate, becoming 
increasingly spiny laterally. Lateral trunk osteoderms are rhomboid, in good contact, 
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ending at the lateral fold. Ventral osteoderms are rectangular and highly reduced. The 
Gular osteoderms are semicircular, becoming disc-like anteriorly. Proximal limb 
osteoderms are disk-like and mildly keeled on the ventral side, heavily keeled on the 
dorsal side. Caudal and distal limb osteoderms are very robust and extremely mucronate, 
especially anterolaterally. 
 
Cordylus tropidosternum AMNH R16820. Plate 7 
The dorsal osteoderms are rhomboid, overlapping and keeled, feebly mucronate, 
becoming increasingly spiny laterally. The lateral trunk osteoderms are oval, keeled, and 
well separated, reducing in size towards the venter. The ventral osteoderms are 
rectangular. Osteoderms are absent along lateral fold. The limb osteoderms are robust and 
mucronate, heavily keeled on the dorsal side. Caudal osteoderms are heavily keeled and 
mucronate. Distal portion of tail scanned separately. 
 
Cordylus vittifer MCZ R14215. Plate 7 
The dorsal osteoderms are rhomboid, overlapping, keeled, and feebly mucronate, 
becoming increasingly spiny laterally. The osteoderms posterior to the postparietals are 
elongated. The lateral trunk osteoderms are rectangular, keeled, and in good contact. The 
ventral osteoderms are rectangular. Osteoderms are absent along lateral fold. Limb 
osteoderms are robust and mucronate, heavily keeled on the dorsal side. Caudal 
osteoderms are heavily keeled and mucronate. 
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Hemicordylus Smith 1838. Plates 8 –10 
 
Notes: As noted by Janse van Rensburg (2008), Hemicordylus capensis is highly variable 
in the arrangement and extent of its dermal armor. The reduction in osteoderm mass in 
the northern species has been suggested to be a response to the increased use of three-
dimensional space, as the northern populations in this species utilize the temperature 
gradients on cliff faces and large boulders to thermoregulate, allowing them to expand 
into areas that may otherwise be climatically unsuitable (discussed further in chapter 
four). 
 
Hemicordylus capensis AMNH R175086, R175088, R175093, R175094, R175097, 
R175098, R175104, R175109 and R175110.  Plates 7–10 
The caudal osteoderms are always present, particularly mucronate on lateral edge of the 
dorsal aspect. Dorsal osteoderms are are circular to oval and mildly keeled, in the 
southern specimens, absent in the northern specimens (AMNH R175083 and AMNH 
R175086). The hind-limb osteoderms are are small, isolated and poorly keeled 
proximally becoming larger, more robust and mucronate distally. Forelimb osteoderms 
are large and mildly keeled in southern specimens, rod-like in the most northern 
specimen (AMNH R175083). 
 
Hemicordylus nebulosus AMNH R175111. Plate 10 
The caudal osteoderms are mucronate laterally and unspined dorsally.  Cervical 
osteoderms are small and delicate. Dorsal osteoderms are delicate and rod-like, restricted 
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to the lateral edge of the trunk. Hind limb osteoderms are heavily spined, small and 
isolated proximally becoming larger and more robust distally. Forelimb osteoderms are 
rod-like. 
 
Karusasaurus Stanley et al., 2011. Plate 11 
 
Karusasaurus jordani MCZ R188257. Plate 11 
The dorsal osteoderms are small, rectangular and overlapping. Osteoderms cover the 
entire dorsal and ventral aspect and are absent only around the limb attachment points 
and the lateral fold. The osteoderms on the limbs are small but robust, becoming 
increasingly mucronate distally. The caudal osteoderms are keeled, becoming highly 
mucronate laterally. 
 
Karusasaurus polyzonus AMNH R141790 /175115. Plate 11 
The dorsal osteoderms are small, feebly keeled, rectangular and overlapping ventral 
osteoderms small and evenly distributed from the gular region to the cloaca. Osteoderms 
cover the entire dorsal and ventral aspect, and are absent only around the limb attachment 
points and the lateral fold. The caudal osteoderms are keeled, becoming more mucronate 
laterally. 
 
 
 
 
! 249!
Namazonurus Stanley et al., 2011. Plates 12 – 13 
 
Namazonurus campbelli MCZ R188259. Plate 12 
The dorsum is entirely covered in small, poorly keeled rectangular osteoderms. Ventral 
osteoderms are less robust than on the dorsum, but cover entire ventral surface, ending at 
the lateral fold and cloaca. Gular osteoderms are small and rectangular/oval, extending to 
lower jaw. Limb osteoderms are small but robust, and highly mucronate on dorsal and 
distal aspects, unkeeled on ventral side. Caudal osteoderms are robust, and heavily spined 
laterally. Osteoderms on the dorsal and ventral sides of the tail are unkeeled and smaller. 
 
Namazonurus lawrenci AMNH R175038. Plate 12 
The dorsum is entirely covered in keeled, rectangular osteoderms, the keels becoming 
increasingly pronounced laterally. One small section of dermis had been removed from 
the dorsum, so the osteoderms from an equal area on the opposite side were added to the 
measurements of the total and dorsal osteoderm volumes. The Cervical osteoderms 
highly are mucronate laterally. Ventral osteoderms are less robust than on the dorsum, 
but cover entire ventral surface, ending at the lateral fold and cloaca. The limb 
osteoderms are small but robust, and highly mucronate on dorsal and distal aspects, 
unkeeled on ventral side. The right forelimb of the specimen was removed, but included 
in the scan, tied to the left hindlimb. Caudal osteoderms are robust, and highly mucronate 
laterally. Osteoderms on the dorsal and ventral sides of the tail are unkeeled and smaller. 
Distal portion of tail scanned separately. 
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Namazonurus namaquensis AMNH R175119. Plate 12 
The dorsum is entirely covered in small, poorly keeled rectangular osteoderms, becoming 
feebly mucronate on the lateral aspect of the trunk. The lateral cervical osteoderms are 
mucronate. Ventral osteoderms are less robust than on the dorsum, but cover the entire 
ventral surface, ending at the lateral fold and cloaca. Limb osteoderms are small but 
robust, and highly mucronate on dorsal and distal aspects, unkeeled on ventral side. 
Caudal osteoderms are robust, and highly mucronate laterally. Osteoderms on the dorsal 
and ventral sides of the tail are unkeeled and smaller. The distal portion of tail scanned 
separately. 
 
Namazonurus peersi AMNH R175120. Plate 13 
The dorsum is entirely covered in keeled, rectangular osteoderms, becoming highly 
mucronate laterally. The lateral cervical osteoderms are highly mucronate. Ventral 
osteoderms thin and rhomboid, covering the entire ventral surface, ending at the lateral 
fold and cloaca. Limb osteoderms are robust and highly mucronate on dorsal and distal 
aspects, unkeeled on ventral side. The caudal osteoderms are robust, and highly 
mucronate laterally, tapering to narrow spines. Osteoderms on the dorsal and ventral 
sides of the tail are unkeeled and smaller. 
 
Namazonurus pustulatus CAS. Plate 13 
Dorsum covered in small, poorly keeled rectangular osteoderms, becoming increasingly 
mucronate laterally. Lateral cervical osteoderms are mucronate. Ventral osteoderms less 
robust than on the dorsum but cover entire ventral surface, ending at the lateral fold and 
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cloaca. Limb osteoderms are small but robust, and highly mucronate on dorsal and distal 
aspects, unkeeled on ventral side. Caudal osteoderms are robust, and highly mucronate 
laterally. Osteoderms on the dorsal and ventral sides of the tail are unkeeled and smaller. 
Distal portion of tail scanned separately. 
 
Ninurta Stanley et al., 2011 
 
Ninurta coeruleopunctatus AMNH R175126/27. Plate 14 
Dorsal osteoderms are small, triangular and lightly keeled. Ventral osteoderms are broad, 
rectangular and overlapping. Gular osteoderms are isolated and placoid. Caudal 
osteoderms arranged in transverse whorls, consistently keeled and mucronate. Limb 
osteoderms are small and feebly keeled. 
 
Ouroborus Stanley et al., 2011 
 
Notes: The ratio of postcranial skeletal volume to osteoderm volume in Ouroborus is 
nearly identical to the closely related Karusasaurus. The distribution of osteoderms in 
these two genera, however, is extremely different: Karusasaurus possesses small 
osteoderms distributed evenly across its entire trunk, while Ouroborus displays very 
large, robust and spiny osteoderms that are located entirely on its dorsal and lateral 
surface, leaving it’s ventral surface entirely uncovered. This “top-heavy” distribution of 
armor is almost certainly linked to the unusual tail-biting behavior displayed by this 
lizard, from which it gets its name (see chapter five Figure 1). 
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Ouroborus cataphractus AMNH R175136, AMNH175138. Plate 15 
The dorsal osteoderms are very large and rectangular, non-overlapping, extensively 
keeled and highly mucronate. The lateral trunk osteoderms are oval, keeled, and isolated, 
reducing in thickness and size towards the venter. Ventral osteoderms are absent. The 
dorsal and distal aspects of limbs are covered in large, highly mucronate osteoderms. The 
caudal osteoderms are heavily keeled and extensively mucronate, especially laterally 
 
Platysaurus Smith 1844 
 
Platysaurus blakei CM58369. Plate 16 
Osteoderms are restricted to the caudal and limb regions. The caudal osteoderms are 
elongated and keeled, but not mucronate. The osteoderms on upper limbs are restricted to 
the anterior aspects and are small, discoid and unkeeled. The osteoderms on the lower 
limbs are larger and more keeled. 
 
Platysaurus broadleyi AMNH R141792. Plate 16 
Osteoderms are restricted to the caudal and limb regions. The caudal osteoderms are 
rectangular non-mucronate and mildly keeled. The osteoderms on the limbs are very 
small, and discoid. 
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Platysaurus capensis MCZ R159182. Plate 16 
Osteoderms are restricted to the caudal and limb regions. Caudal osteoderms are 
rectangular non-mucronate and mildly keeled. The osteoderms on the limbs are very 
small, and discoid. 
 
Platysaurus guttatus MCZ R50656. Plate 16 
Osteoderms are restricted to the tail. These caudal osteoderms are rod like and arranged 
in whorls located directly under the keels on the scales. 
 
Platysaurus imperator AMNH R . Plate 17 
Osteoderms are restricted to caudal and limb regions. The caudal osteoderms are 
elongated and keeled, but not mucronate. The osteoderms on the limbs are restricted to 
the anterior aspects and are small, discoid and unkeeled. 
 
Platysaurus intermedius AMNH R . Plate 17 
Osteoderms are restricted to the caudal and limb regions. The caudal osteoderms are 
elongated and keeled, slightly mucronate. The osteoderms are slightly thicker on the 
lateral aspect of the tail than the dorsal and ventral sides. The osteoderms on upper limbs 
are restricted to the anterior aspects and are small, discoid and unkeeled. The osteoderms 
on lower limbs are larger and slightly more keeled. 
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Platysaurus maculatus MCZ R87254. Plate 17 
Osteoderms are restricted to the lateral aspect of the tail. The caudal osteoderms are 
plate-like and feebly keeled. 
 
Platysaurus minor CM 47961. Plate 18 
Osteoderms are restricted to the lateral aspect of the tail. The caudal osteoderms are 
plate-like and feebly keeled. 
 
Platysaurus mitchelli AMNH R44007. Plate 18 
Osteoderms are restricted to the caudal and limb regions. The caudal osteoderms are rod-
like, arranged in whorls located directly under the keels on the scales. The caudal 
osteoderms are slightly thicker on the lateral aspect of the tail than the dorsal and ventral 
sides. The osteoderms on upper limbs are restricted to the anterior aspects and are small, 
discoid and unkeeled. The osteoderms on lower limbs are larger and slightly more keeled. 
 
Platysaurus nyasae MCZ R50656. Plate 18 
Osteoderms restricted to caudal and limb regions. Caudal osteoderms elongated and 
keeled, slightly mucronate. Osteoderms are slightly thicker on the lateral aspect of the tail 
than the dorsal and ventral sides. . Osteoderms on upper limbs are restricted to the 
anterior aspects and are small, discoid and unkeeled. Osteoderms on lower limbs are 
larger and slightly more keeled 
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Platysaurus ocellatus AMNH R90177. Plate 19 
Osteoderms are restricted to the lateral aspect of the tail. The proximal caudal osteoderms 
are triangular and keeled, becoming rod-like distally. 
 
Platysaurus pungweensis CM58359. Plate 19 
Osteoderms are restricted to the caudal and limb regions. The caudal osteoderms are 
broader anteriorly, becoming rod-like distally. The limb osteoderms are small, discoid 
and unkeeled. The osteoderms on anterior aspect of upper forelimbs are slightly larger, 
and keeled. 
 
Platysaurus rhodesianus MCZ44548. Plate 19 
A row of rod-like osteoderms runs along either side of the vertebral column on the 
dorsum. Caudal osteoderms elongated and keeled, slightly mucronate. Limb osteoderms 
are small, discoid and unkeeled. Osteoderms on the upper limbs are restricted to the 
anterior aspects. 
 
Platysaurus subniger AMNH R9012. Plate 20 
Osteoderms are present on the limbs and tail. The proximal caudal osteoderms are 
restricted to the lateral aspects of the tail, whereas the distal 2/3rds  of the tail is 
completely encircled by elongated and keeled osteoderms. The osteoderms on the upper 
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limbs are restricted to the anterior aspects and are small, discoid and unkeeled. The 
osteoderms on the lower limbs are larger and slightly more keeled 
 
Platysaurus torquatus AMNH R114342 . Plate 20 
Osteoderms occur on the limbs and tail. The proximal caudal osteoderms are restricted to 
the lateral aspects of the tail, with the distal half of the tail being completely encircled by 
elongated, weakly keeled osteoderms. The osteoderms on upper limbs are restricted to the 
anterior aspects and are small, discoid and unkeeled. The osteoderms on lower limbs are 
larger and slightly more keeled 
 
Platysaurus wilhelmi MCZ 114342. Plate 20 
Osteoderms are present in caudal and limb regions. The proximal caudal osteoderms are 
mucronate and heavily keeled and are restricted to the lateral aspects of the tail. The 
distal half of the tail is completely encircled by elongated, heavily keeled, non-mucronate 
osteoderms. The limb osteoderms are large and plate-like, unkeeled proximally, 
becoming more keeled and mucronate distally. Two rows of discoid osteoderms run 
anteriorly from the axilla to the tympana. 
 
Pseudocordylus Smith 1838 
 
Pseudocordylus langi AMNH114353/ MCZ68901. Plate 21 
Osteoderms are restricted to tail. The proximal caudal osteoderms are keeled and mildly 
mucronate laterally, becoming less spinose medially and posteriorly. 
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Pseudocordylus melanotus MCZ R184420. Plate 21 
Osteoderms are restricted to the limbs and caudal region. The hind limb osteoderms are 
small and mildly keeled, whereas the forelimb osteoderms are discoid and unkeeled. The 
proximal caudal osteoderms are keeled and mucronate laterally, becoming keeled but 
blunt posteriorly. 
 
Pseudocordylus microlepidotus AMNH R . Plate 21 
Osteoderms are restricted to the distal hind limbs and caudal region. The limb osteoderms 
are small but well keeled. The proximal caudal osteoderms are keeled and mucronate 
laterally, becoming keeled but less spinose posteriorly. 
 
Pseudocordylus spinosus MCZ R46972, AMNH R114355. Plate 22 
The limb osteoderms are extensive, but small and mildly keeled. Two longitudinal rows 
of rod-like osteoderms run along the dorsum. The anterior-most caudal osteoderms are 
keeled and mildly mucronate laterally, with reduced spinosity medially and posteriorly. 
 
Pseudocordylus subviridis MCZ 26439. Plate 22 
Osteoderms are restricted to the tail and proximal hind limbs. The anteriormost caudal 
osteoderms are keeled and mildly mucronate laterally, reducing in spinosity medially and 
posteriorly. 
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Pseudocordylus transvaalensis AMNH R114359 . Plate 22 
The limb osteoderms are small and mildly keeled. Six longitudinal rows of rod-like 
osteoderms run along the dorsum. The anteriormost caudal osteoderms are keeled and 
mildly mucronate laterally, becoming reduced in spinosity medially and posteriorly. 
 
Smaug Stanley et al., 2011. 
 
Notes: the members of Smaug all possess distinctive  “thumbtack” like osteoderms- 
circular or oval dorsal/lateral plates that are strongly keeled, often tapering into a sharp 
point. These can be in contact or separate on the dorsal surface but are invariantly well 
separated on the lateral trunk. The body osteoderms are significantly reduced in the 
northern species (S. regius and S. mossambicus), mirroring t convergent dichromatism 
with Pseudocordylus and Platysaurus. 
 
Smaug depressus MCZ R103707 AMNH R107313 . Plate 23 
The dorsal osteoderms are large, square to oval, strongly keeled and mucronate laterally. 
The median dorsal osteoderms are small, disk-like and unkeeled. The ventral osteoderms 
are highly reduced semicircular discs. The limb osteoderms are extensive and highly 
mucronate. The caudal osteoderms are highly mucronate laterally, especially the 
proximal caudal osteoderms just posterior to the hind limbs. Dorsally, the proximal 
caudal osteoderms are small, squoval and unkeeled. 
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Smaug giganteus AMNH R47337. Plate 24 
The dorsal osteoderms are large, flat and square, with an oval projection terminating in a 
large spine. Dorsal osteoderms abut one-another and are arranged in transverse rows. The 
Cervical osteoderms are small and disk-like. The lateral cervical osteoderms are oval and 
highly mucronate. The lateral trunk osteoderms are oval, heavily keeled and isolated. The 
proximal ventral limb osteoderms are mildly keeled. The dorsal and distal limb 
osteoderms are heavily keeled. The caudal and distal limb osteoderms are very thick, 
heavily keeled and extensively mucronate. 
 
Smaug mossambicus CM 58345. Plate 23 
The dorsal osteoderms are small, circular and unkeeled medially, becoming more spinose 
towards the lateral edges of the dorsum. The median dorsal osteoderms are very small, 
disk-like and unkeeled. Ventral osteoderms are absent. The limb osteoderms are 
extensive, and highly mucronate. The caudal osteoderms are robust and mucronate 
laterally. 
 
Smaug regius CM 58344, AMNH R 90170. Plate 23 
The dorsal osteoderms relatively small, circular and feebly keeled medially, becoming 
more spinose towards the lateral edges of the dorsum. The median dorsal osteoderms 
very small, disk-like and unkeeled. The ventral osteoderms are absent. The limb 
osteoderms are robust and highly mucronate, especially distally. The caudal osteoderms 
are robust and highly mucronate laterally. 
Smaug barbertonensis AMNH specimen. Plate 25 
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The dorsal osteoderms are large, oval, isolated and unkeeled medially, increasing in 
spinosity laterally, with small discoid osteoderms occurring between larger osteoderms. 
The medial dorsal osteoderms are small, disk-like and unkeeled. Ventral osteoderms are 
absent. The lateral cervical osteoderms are highly mucronate. The limb osteoderms are 
extensive, and highly mucronate. Laterally, the caudal osteoderms are highly mucronate, 
especially the proximal osteoderms just posterior to the hind limbs. Dorsally, the 
proximal caudal osteoderms are small, square and unkeeled. 
 
Smaug vandami AMB 8193. Plate 25 
The dorsal osteoderms are large, oval, partially isolated and unkeeled medially, 
increasing in spinosity laterally. Small discoid osteoderms occur between the anterior 
edges of the larger dorsal osteoderms. The medial dorsal osteoderms are small, discoid 
and unkeeled. Ventral osteoderms are absent. The limb osteoderms are robust, and highly 
mucronate. The Caudal osteoderms are highly mucronate laterally and proximally, just 
posterior to the hind limbs. Dorsally, the proximal caudal osteoderms are small, square 
and unkeeled. 
 
Smaug warreni AMNH R173381 . Plate 25 
Dorsal osteoderms large, oval, isolated and unkeeled medially, increasing in spinosity 
laterally. Small discoid osteoderms occurring between larger osteoderms. Median line of 
dorsal osteoderms small, disk-like and unkeeled. Ventral osteoderms absent. Lateral 
cervical osteoderms spinose. Limb osteoderms extensive, and highly mucronate. Caudal 
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osteoderms highly mucronate laterally, proximal caudal osteoderms just posterior to the 
hind limbs. Dorsally, the proximal caudal osteoderms are small, square and unkeeled. 
 
Gerrhosauridae 
Gerrhosaurus major AMNH R10720. Plate 26 
The dorsal osteoderms are large, lightly keeled and rectangular, arranged in overlapping 
transverse rings extending ventrally to the lateral fold. The ventral osteoderms are 
delicate and compound, extending from gular region to the cloaca. Limb osteoderms 
mildly keeled. Caudal osteoderms keeled, rectangular and not mucronate. 
 
Gerrhosaurus flavigularus AMNH R142786. Plate 26 
The dorsal osteoderms large, lightly keeled and rectangular, arranged in overlapping 
transverse rings extending ventrally to the lateral fold. Ventral osteoderms delicate and 
compound, extending from gular region to the cloaca. Limb osteoderms mildly keeled. 
Caudal osteoderms keeled, rectangular and not mucronate. 
 
Tetradactylus africanus AMNH R57628. Plate 26 
 Dorsal osteoderms large, lightly keeled and rectangular, arranged in overlapping 
transverse rings extending ventrally to the lateral fold. Ventral osteoderms delicate and 
compound, extending from gular region to the cloaca. Limbs highly reduced, osteoderms 
small, unkeeled. Caudal osteoderms keeled, rectangular and not mucronate. 
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Zonosaurus ornatus AMNH R47748. Plate 26 
Dorsal osteoderms large, lightly keeled and rectangular, arranged in overlapping 
transverse rings extending ventrally to the lateral fold. Ventral osteoderms delicate and 
compound, extending from gular region to the cloaca. Limb osteoderms mildly keeled. 
Caudal osteoderms keeled, rectangular and not mucronate. 
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Plate 1 
 
Chamaesaura aeneae. MCZ R 14204 
 
Chamaesaura anguina AMNH R18220 
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Plate 2 
 
Chamaesaura macrolepis AMNH R80222. 
 
Chamaesaura oligopholis MCZ R74165. 
 
Chamaesaura tenuior AMNH R47254. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
! 266!
 
 
 
 
 
 
 
! 267!
 
 
 
 
 
 
 
 
 
 
 
 
 
Plate 3 
 
Cordylus angolensis AMNH R47333 
 
Cordylus aridus AMNH R175079 
 
Cordylus beraduccii CAS198949 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
! 268!
 
 
 
 
 
 
! 269!
 
 
 
 
 
 
 
 
 
 
 
Plate 4 
 
Cordylus cloetei AMNH R175055 
 
Cordylus cordylus AMNH R 
 
Cordylus imkeae AMNH R175072 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
! 270!
 
 
 
 
 
 
! 271!
 
 
 
 
 
 
 
 
 
 
 
Plate 5 
 
Cordylus jonesi MCZ R14212. 
 
Cordylus machadoi AMNH R47310. 
 
Cordylus macropholis AMNH R175074. 
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Plate 6 
 
Cordylus marunguensis UTEP 20374 
 
Cordylus mclachlani AMNH R175073 
 
Cordylus niger AMNH R82395 
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Plate 7 
 
Cordylus oelofseni AMNH R175068 
 
Cordylus rhodesianus CAS 209623  
 
Cordylus tropidosternum AMNH R16820 
 
Cordylus vittifer MCZ R14215 
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Plate 8 
 
Hemicordylus capensis AMNH R175083 
 
Hemicordylus capensis AMNH R175086 
 
Hemicordylus capensis AMNH R175088 
 
Hemicordylus capensis AMNH R175093 
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Plate 10 
 
 
Hemicordylus capensis AMNH R175097 
 
Hemicordylus capensis AMNH R175098 
 
Hemicordylus capensis AMNH R175104, 
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Plate 11 
 
Hemicordylus capensis AMNH R175109 
 
Hemicordylus capensis AMNH R175110 
 
Hemicordylus nebulosus AMNH R175111 
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Plate 12 
 
Karusasaurus jordani MCZ R188257 
 
Karusasaurus polyzonus AMNH R141790 
 
Karusasaurus polyzonus 175115 
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Plate 13 
 
Namazonurus campbelli MCZ R188259 
 
Namazonurus lawrenci AMNH R175038 
 
Namazonurus namaquensis AMNH R175119 
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Plate 14 
 
Namazonurus peersi AMNH R175120 
 
Namazonurus pustulatus CAS 165758 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
! 288!
 
 
 
 
 
 
! 289!
 
 
 
 
 
 
 
 
 
 
 
Plate 15 
 
Ninurta coeruleopunctatus AMNH R175126 
 
Ninurta coeruleopunctatus AMNH R175127 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
! 290!
 
 
 
 
 
 
! 291!
 
 
 
 
 
 
 
 
 
 
 
Plate 16 
 
Ouroborus cataphractus AMNH R175136 
 
Ouroborus cataphractus AMNH R175138 
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Plate 17 
 
Platysaurus blakei CM58369 
 
Platysaurus broadleyi AMNH R141792 
 
Platysaurus capensis MCZ R159182 
 
Platysaurus guttatus MCZ R50656. 
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Plate 18 
 
Platysaurus imperator AMNH R90178 
 
Platysaurus intermedius AMNH R114349. 
 
Platysaurus maculatus AMNH R114343. 
 
Platysaurus minor CM 47961 
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Plate 19 
 
 
Platysaurus mitchelli AMNH R44007. 
 
Platysaurus nyasae MCZ R50656. 
 
Platysaurus ocellatus AMNH R90177. 
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Plate 20 
 
 
Platysaurus pungweensis CM58359 
 
Platysaurus intermedius rhodesianus MCZ R44548 
 
Platysaurus intermedius rhodesianus AMNHR114349. 
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Plate 21 
 
Platysaurus subniger AMNH R9012. 
 
Platysaurus torquatus AMNH R114352. 
 
Platysaurus wilhelmi MCZ R114346. 
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Plate 22 
 
Pseudocordylus langi AMNH114353 
 
Pseudocordylus melanotus MCZ R184420 
 
Pseudocordylus microlepidotus AMNH R  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
! 304!
 
 
 
 
 
 
! 305!
 
 
 
 
 
 
 
 
 
 
 
Plate 23 
 
Pseudocordylus spinosus MCZ R46972 
 
Pseudocordylus subviridis MCZ 26439 
 
Pseudocordylus transvaalensis AMNH R114359 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
! 306!
 
 
 
 
 
 
! 307!
 
 
 
 
 
 
 
 
 
 
 
Plate 23 
 
Smaug giganteus AMNH R47337 
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Plate 24 
 
Smaug depressus MCZ R103707 
 
Smaug mossambicus CM 58345 
 
Smaug regius CM 58344, AMNH R 90170 
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Plate 25 
 
Smaug barbertonensis AMNH R 
 
Smaug vandami AMB 
 
Smaug warreni AMNH R173381 
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Plate 26 
 
 
Gerrhosaurus nigrolineatus AMNH R142786 
 
Gerrhosaurus major AMNH R10720 
 
Tetradactylus africanus AMNH R57628 
 
Zonosaurus ornatus AMNH R47748 
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APPENDIX D:  
CODE FOR THE NOVEL DISPARITY THROUGH TIME ANALYSIS 
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First, the tree and morphological information must be entered into R and any missing 
taxa from either dataset removed from the other with the “treedata” command (Geiger). 
>Morpho<- read.table("Morpho.txt", header=TRUE) 
>tree <- read.nexus("dated.tre") 
>TD<- treedata(tree, Morpho) 
>Morpho<-TD$data 
>tree<-TD$tree 
The Ancestral character state of each (HTU) is estimated for each character in the matrix 
and the results combined to produce a second matrix that contains continuous characters 
for both operational taxonimic units, OTUs) and node taxa. A starting matrix of n taxa 
and y characters will produce a secondary matrix of 2n-1 taxa and y characters 
 
>Taxa<-seq(from=length(tree$tip)*2-1) 
>MorphoMatrix <-data.frame(cbind(Taxa)) 
>z<- ncol(Morpho) 
>for (i in 1:z){ 
+ AncestralState= fastAnc(tree, Morpho[,i]) 
+ character<- append( Morpho[,i], AncestralState) 
+ MorphoMatrix<-data.frame(cbind(MorphoMatrix,Character)) 
+ } 
>MorphoAncestors<-MorphoMatrix 
 
A principal component analysis is then performed on the expanded dataset and the first 
two principal components retained. 
 
>pc1 <-prcomp(MorphoAncestors, scale. = T) 
>x <- pc1$x 
>PCAvalues <- as.matrix(x[ ,1:2]) 
>PCAvalues<-data.frame(cbind(Taxa,PCAvalues)) 
 
The times of cladogenic events in the phylogram (Tn) are recovered, and a matrix 
produced that recovers the taxa (OTUs or HTUs) that occur at each time T, with t0 = all 
OTUs, t1 = OTUs-first coalescing taxa + corresponding HTU, etc. 
 
>InternalNodes=seq(from=length(tree$tip)+1, to=length(tree$tip)+tree$Nnode, by=1) 
Times=vector() 
>n=0 
>for (i in InternalNodes){ 
+ n=n+1 
+ Times[n]=branching.times(tree)[as.character(i)]  
+ } 
>NodeDate=cbind(as.character(InternalNodes), as.character(Times)) 
>options(stringsAsFactors=FALSE) 
>data<- data.frame(Group=tree$tip.label) 
>NodeTimes=cbind(as.character(InternalNodes), as.character(Times)) 
>TreeTips=tree$tip.label 
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>Group0=rep("Group0", length(TreeTips)) 
>TaxaMatrix=data.frame(cbind(TreeTips, Group0)) 
>colName=NodeTimes[1,2] 
>Node=NodeTimes[1,1] 
>DaughterA=tree$edge[tree$edge[,1]== Node,2][1] 
>DaughterB=tree$edge[tree$edge[,1]== Node,2][2] 
>GroupNameA=paste(as.numeric(DaughterA)) 
>GroupNameB=paste(as.numeric(DaughterB)) 
>TaxaDaughterA=node.leaves(tree, DaughterA) 
>TaxaDaughterB=node.leaves(tree, DaughterB) 
>TaxaMatrix[TaxaMatrix[,"TreeTips"] %in% TaxaDaughterA,colName]=GroupNameA 
>TaxaMatrix[TaxaMatrix[,"TreeTips"] %in% TaxaDaughterB,colName]=GroupNameB     
>data[data[,"Group"] %in% TaxaDaughterA,colName]=GroupNameA 
>data[data[,"Group"] %in% TaxaDaughterB,colName]=GroupNameB 
>timeorder=order(Times, decreasing=T) 
>for ( i in 2:dim(NodeTimes)[1]){ 
+ NodeinOrd= timeorder[i]     
+ colName=NodeTimes[NodeinOrd,2] 
+ Node=NodeTimes[NodeinOrd,1] 
+ DaughterA=tree$edge[tree$edge[,1]== Node,2][1] 
+ DaughterB=tree$edge[tree$edge[,1]== Node,2][2] 
+ GroupNameA=paste(as.numeric(DaughterA)) 
+ GroupNameB=paste(as.numeric(DaughterB)) 
+ TaxaDaughterA=node.leaves(tree, DaughterA) 
+ TaxaDaughterB=node.leaves(tree, DaughterB) 
+ NodeinOrd2=timeorder[i-1]   
+ TaxaMatrix[,colName]=TaxaMatrix[,NodeTimes[NodeinOrd2,2]] 
+ TaxaMatrix[TaxaMatrix[,"TreeTips"] %in% TaxaDaughterA,colName]=GroupNameA 
+ TaxaMatrix[TaxaMatrix[,"TreeTips"] %in% TaxaDaughterB,colName]=GroupNameB  
+ data[,colName]=data[,NodeTimes[NodeinOrd2,2]] 
+ data[data[,"Group"] %in% TaxaDaughterA,colName]=GroupNameA 
+ data[data[,"Group"] %in% TaxaDaughterB,colName]=GroupNameB 
+ } 
 
Then the disparity of the taxa present at each time is calculated from the first two 
principle components. The default measure of disparity is average squared 
 
>y<- ncol(TaxaMatrix) 
>DisparityOut<-data.frame() 
>for (i in 3:y) 
+ {   
+ TaxaAtTime<-unique(TaxaMatrix[,i]) 
+ test<- subset(PCAvalues, row.names(PCAvalues) %in% TaxaAtTime)  
+ test<- test[,2:3] 
+ disp.calc(test)->t0.disp 
+ DisparityOut<-data.frame(rbind(DisparityOut,t0.disp)) 
! 318!
+ } 
 
 
Or alternatively, to calculate the area of morpho/ecospace occupied by the taxa  (requires 
PBSmapping): 
 
>y<- ncol(TaxaMatrix) 
>DisparityOut<-data.frame() 
>for (i in 3:y) 
{   
+ TaxaAtTime<-unique(data3[,i]) 
+ what<-as.matrix(TaxaAtTime) 
+ Npoints<-nrow(what) 
+ test<- subset(PCAvalues, PCAvalues$Taxa %in% TaxaAtTime) 
+ test<- test[,2:3] 
+ colnames(test)<- c("X","Y")         
+ calcConvexHull(test)->polyPts 
+ polyPts2<-polyPts[,3:4] 
+ calcArea(polyPts)->polyArea 
+ polyArea[,2]->t0.disp 
+ DisparityOut<-data.frame(rbind(DisparityOut,t0.disp)) 
+} 
 
 
Finally, the disparity value for each time t is then plotted against the age of t, producing a 
disparity through time graph. 
 
>InitialDisp<- c(0) 
>DisparityOut<-rbind(InitialDisp,DisparityOut) 
>NodeTimes2<-as.numeric(c(NodeTimes[,2],0)) 
>Divergencetimes<-sort(NodeTimes2, decreasing = TRUE) 
>Divergencetimes<- Divergencetimes*-1 
>OutputTable<- cbind(Divergencetimes, DisparityOut) 
>plot(OutputTable, type="l", xlab="time", ylab="disparity") 
 
It is possible (and potentially helpful) to plot and compare the disparity of subclades as 
well, by reducing the “TaxaMatrix” to only include the clade of choice… 
 
> CordylinaeMatrix<-TaxaMatrix[14:60,]  
 
…and then re-running the disparity analysis. 
 
> DisparityOut<-data.frame() 
> for (i in 3:y) 
+ TaxaAtTime<-unique(CordylinaeMatrix[,i]) 
+ test<- subset(PCAvalues, row.names(PCAvalues) %in% TaxaAtTime)  
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+ test<- test[,2:3] 
+ disp.calc(test)->t0.disp 
+ DisparityOut<-data.frame(rbind(DisparityOut,t0.disp)) 
+ } 
 
InitialDisp<- c(0) 
DisparityOut<-rbind(InitialDisp,DisparityOut) 
DisparityOut<-rbind(DisparityOut,'NA') 
NodeTimes2<-as.numeric(c(NodeTimes[,2],0)) 
Divergencetimes<-sort(NodeTimes2, decreasing = TRUE) 
Divergencetimes<- Divergencetimes*-1 
OutputTable<- cbind(Divergencetimes, DisparityOut) 
 
Finally, the new DTT can be plotted onto the existing  
 
lines(OutputTable, type="l", xlab="time", ylab="disparity", lwd=2, col="red") 
abline(v = c(-10,-20,-30,-40,-50,0)) 
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From: José Manuel Padial <jose.m.padial@gmail.com> 
To: Edward Stanley <estanley@amnh.org> 
Subject: RE: Permission to include images of Carnegie Museum of Natural History 
specimens in my thesis. 
 
Congratulations Ed! 
 
You can use the images. We have no restricting policy concerning scientific publications. 
So, go ahead. 
 
Cheers 
 
Jose 
 
 
From: Edward Stanley <estanley@amnh.org> 
To: José Manuel Padial <jose.m.padial@gmail.com> 
Subject: Permission to include images of Carnegie Museum of Natural History specimens 
in my thesis. 
 
Dear José, 
 
I hope all is well with you. I just wanted to ask what the protocol for reproducing images 
of the loaned specimens from the CM was. I will include a series of plates in the back of 
the thesis that show CT images of the various loaned specimens (see sample images 
attached) and wanted to make sure I had permission to do this.  All the images were 
produced at the AMNH and will be published in my doctoral dissertation. I will be happy 
to make the CT data available to you, just specify what format you would require and 
how you would like me to transfer it. 
 
 
All the best, 
 
Ed 
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From: David Blackburn <david.c.blackburn@gmail.com> 
CC: Jens Vindum <JVindum@calacademy.org> 
To: Edward Stanley <estanley@amnh.org> 
Subject: RE: Permission to include images of California Academy of Science specimens 
in my thesis. 
 
Dear Ed, 
Yes, you have our permission to use images of these CAS specimens in your thesis and 
resulting publications. Perhaps while you're here at the Academy you could generate a 
poster for us of the CAS specimens that you CT scanned and we could hang it up in the 
lab! 
 
Dave 
 
 
From: Edward Stanley <estanley@amnh.org> 
To: David Blackburn <david.c.blackburn@gmail.com> 
CC: Jens Vindum <JVindum@calacademy.org> 
Subject: Permission to include images of California Academy of Science specimens in 
my thesis. 
 
Dear Dave and Jens, 
 
I hope all is well with you both. I just wanted to check to see what the protocol for 
reproducing images of the loaned specimens from the CAS was. I will include a series of 
plates in the back of the thesis that show CT images of the various loaned specimens (see 
sample images attached) and wanted to make sure I had permission to do this.  All the 
images were produced at the AMNH and will be published in my doctoral dissertation.  
 
All the best, 
 
Ed 
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From: Eli Greenbaum <egreenbaum2@utep.edu> 
To: Edward Stanley <estanley@amnh.org> 
Subject: RE: Permission to include images of University of Texas at El Paso specimens 
in my thesis. 
 
Hi Ed,  
 
You may feel free to use any data or images you obtained from the UTEP specimens for 
your dissertation or publication. 
 
~Eli 
 
From: Edward Stanley <estanley@amnh.org> 
To: Eli Greenbaum <egreenbaum2@utep.edu> 
Subject: RE: Permission to include images of University of Texas at El Paso specimens 
in my thesis. 
 
Dear Eli 
I hope all is well with you. I am writing because I wanted to ask what the protocol was 
for reproducing image of loaned UTEP material in additional publications. I was 
planning on include a series of plates in the appendices of my thesis that show CT images 
cordylid specimens, including the Cordylus marunguensis specimen, and so I wanted to 
make sure I had permission to do this. The images were produced at the AMNH and will 
be published in my doctoral dissertation. 
All the best, 
Ed 
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